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Preface 


The field of plasma-based thin film processing has grown rapidly over the 
Past two decades. The technologies discussed in this book are the basis for the 
revolutionary increase in computer capabilities, as well as for such applications as 
tool coatings, food packaging and architectural coatings on skyscraper windows. 


Plasma processing technology has a number of manifestations, from simple 
dc discharges up to the complicated electron cyclotron resonance (ECR) plasmas 
intended for single wafer processing. Films are deposited and etched by a range 
of devices, including rf diodes, magnetrons, broad beam ion sources, hollow 
cathode sources and more. Each of these techniques can operate in primarily 
non-chemical modes with inert gases, or can easily be switched to reactive modes, 
where a surface can be chemically eroded or a specific chemical compound de- 
posited. A number of hybrid technologies have emerged, such as ion plating, 
ion cluster beam and activated, reactive evaporation deposition techniques. 


In addition to simply the plasma process, a wealth of knowledge has been 
generated on ion-surface interactions. The impact of ions at many times the 
thermal energy of the surface can strongly change the structure as well as the 
chemistry of the surface. Techniques such as these allow one to explore mate- 
tials not available in bulk form, and to produce new compounds, phases or 
structures. 


Much remains to be accomplished in terms of plasma-based processing 
technologies. The fundamental understanding of the plasma itself is still at a 
crude level: the most sophisticated models are making progress in understanding 
the operation of simple rf diode plasmas. Classical plasma physics, as it applies 
to, perhaps, high temperature fusion plasmas, is beginning to make some sense 
of processing plasmas. However, the application of magnetic fields and the 
Practical situation of using reactive, molecular species in the plasmas dramati- 
cally complicates the level of understanding. 


vii 


viii Preface 


This book is intended to provide a perspective look at a range of thin film 
plasma processing technologies. The authors were selected to represent the 
state-of-the-art understanding. The chapters are not just the classical review- 
type chapter found in many texts, but provide a more concise view of the 
level of understanding of the field today, without wading through the entire 
history of each field. 


Yorktown Heights, NY Stephen M. Rossnagel 
October, 1989 


About the Editors 


Stephen M. Rossnagel is presently a research staff member at the IBM 
T.J. Watson Research Center, Yorktown Heights, New York. His current re- 
search is in Plasma-based processing, particularly in ion beam and magnetron 
areas. He received his doctorate in physics from Colorado State University, and 
has held positions at Princeton University and at the Max Planck Institute in 
Garching, West Germany. Dr. Rossnagel has published extensively in areas of 
magnetron sputtering and also film modification by ion bombardment. He has 
published over 58 research papers and book chapters, and co-edited two books. 
He is the author of 6 patents, and is chairman of the Plasma Science Technology 
Division of the American Vacuum Society. 


Jerome J. Cuomo is presently Manager of the Materials Processing Labora- 
tory at the IBM T.J. Watson Research Center, Yorktown Heights, New York. 
Dr. Cuomo received his Ph.D. at Odense University and is particularly involved 
in the study of materials and the processing of materials by sputtering, ion beam 
and plasma processes. He has made important contributions to the development 
of LaBg electron emitters and Si3N4 as dielectric layers, and also pioneered 
work in chemical vapor deposition, dendritic solar thermal absorbers, sputtered 
amorphous silicon, amorphous magnetic bubble domain materials, ion beam 
modification and synthesis of materials, enhanced plasma processes, and high 
To superconductors. Dr. Cuomo has been active in various capacities in the 
American Vacuum Society and the Materials Research Society. He is a member 
of the Advisory Committee to the Materials Science Department of North 
Carolina State University and Pennsylvania State University and is an Adjunct 
Professor at Cornell University. He is the author or co-author of 56 patents, 
197 patent publications and 85 research papers, chapters in several books and is 
co-editor of two books. He is distinguished by having the highest patent level 
in the IBM Corporation. 


x About the Editors 


William D. Westwood is presently Manager of Advanced Materials and De- 
vices at Bell-Northern Research's Advanced Technology Laboratory, Ottawa, 
Canada. He received his Ph.D. from the University of Aberdeen, Scotland in 
solid state physics. He then joined Northern Electric R&D Laboratory to work 
on magnetic oxide ceramics, and developed sputtering methods for fabricating 
thin films of these oxides. His research interests have centered on this technique 
since then. From 1966 to 1968, he was a faculty member at Flinders University 
in Australia. In 1969, he headed a group at Bell-Northern Research studying 
thin films for hybrid circuits, and from the sputtering aspects of this work 
evolved research on integrated optics. He has also been involved in technology 
research for electronic office applications, such as facsimile and displays. Since 
1982, he has been involved in HI-V semiconductor device technology for high 
speed electronics and optoelectronics. He has co-authored over 100 technical 
Papers, co-edited a book, and has more than 20 patents. He has served the 
American Vacuum Society as a director, and is presently the Clerk of the society. 


Contributors 


Jes Asmussen 
Michigan State University 
East Lansing, MI 


Soren Berg 
University of Uppsala 
Uppsala, Sweden 


Rointan F. Bunshah 
University of California, Los Angeles 
Los Angeles, CA 


Joseph L. Cecchi 
Princeton University 
Princeton, NJ 


Chandra V. Deshpandey 
University of California, Los Angeles 
Los Angeles, CA 


David B. Fraser 
Intel Corporation 
Santa Clara, CA 


David W. Hoffman 
Ford Research Center 
Dearborn, MI 


Chris M. Horwitz 
University of New South Wales 
Kennsington, Australia 


Harold R. Kaufman 
Front Range Research 
Fort Collins, CO 


Roger Kelly 

IBM, Thomas J. Watson Research 
Center 

Yorktown Heights, NY 


Joseph S. Logan 

IBM, Thomas J. Watson Research 
Center 

Yorktown Heights, NY 


Gerald Lucovsky 
North Carolina State University 
Raleigh, NC 


Robert J. Markunas 


Research Triangle Institute 
Research Triangle Park, NC 


xi 


xii Contributors 


Donald M. Mattox 
Sandia National Laboratories 
Albuquerque, NM 


Robert C. McCune 
Ford Research Center 
Dearborn, MI 


James J. McNally 
U.S. Air Force Academy 
U.S. Air Force Academy, CO 


Russellt Messier 
Pennsylvania State University 
University Park, PA 


Claes Nender 
University of Uppsala 
Uppsala, Sweden 


Gottlieb S. Oehrlein 

IBM, Thomas J. Watson Research 
Center 

Yorktown Heights, NY 


Raymond S. Robinson 
Colorado State University 
Fort Collins, CO 


Stephen M. Rossnagel 

IBM, Thomas J. Watson Research 
Center 

Yorktown Heights, NY 


David N. Ruzic 
University of lilinois 
Urbana, IL 


David Sanders 

Lawrence Livermore National 
Laboratory 

Livermore, CA 


David V. Tsu 
North Carolina State University 
Raleigh, NC 


William D. Westwood 
Bell-Northern Research 


Lawrence J. 
Pennsylvania State University 
University Park, PA 


Rafael Reif 


Massachusetts Institute of Technology 


Cambridge, 


Ottawa, Canada 
Pilione 
Isao Yamada 
Kyoto University 
Sakyo, Kyoto, Japan 


Joseph E. Yehoda 
MA Pennsylvania State University 
University Park, PA 


NOTICE 


To the best of the Publisher's knowledge the informa- 
tion contained in this book is accurate; however, the 
Publisher assumes no responsibility nor liability for 
errors or any consequences arising from the use of the 
information contained herein, Final determination of 
the suitability of any information, procedure, or prod- 
uct for use contemplated by any user, and the manner of 
that use, is the sole responsibility of the user. The book 
is intended for informational purposes only. Expert ad- 
vice should be obtained at all times before implementa- 
tion of any procedure described or implied in the book, 
and caution should be exercised in the use of any mate- 
rials or procedures for plasma processing which could be 
potentially hazardous. 


Contents 


PART I 
GENERAL INFORMATION 


1. TECHNIQUES FOR IC PROCESSING ..................... 


David B. Fraser and William D. Westwood 


1.1 Introduction... 2.2... 0 ee ee 
1.2 Plasma Processing in Microelectronics............... 
TAT Cleaning aneor poses sei Be ieee eed ee A 
T22 DepOsitionnns oe a5. G ea ok Rh end, M4 eS 
1.2.2.1 Sputtering. 2... 60... ee eee 

1.2.2.2 Reactive Sputtering. ..........5.00005 

1.2.2.3 Step Coverage... nunana aaraa 

V2 2 APEC Dew oeren bee Se wit eagle Shed dee 

V2 2:5. ETCH ig dee a tase ape tae a Patel Soke he 

TS SUMM Ali 8 EG paw ee ae Obs eed wees 


PARTII 
PLASMA FUNDAMENTALS 


2. INTRODUCTION TO PLASMA CONCEPTS AND DISCHARGE 


CONFIGURATIONS .. 0... ee eren 


Joseph L. Cecchi 


2.1 Introduction... .....0...0 0.000002 eee eee eee 
2.1.1 The Plasma State................-.-.-.0-- 
2.1.2 Brief Survey of Plasmas .............-2.--20- 
2.1.3 Plasmas for Thin Film Deposition and Etching... . . 
2.1.4 An Elementary View of Plasma Reactors......... 

2.1.4.1 Planar Reactors... ......-.-.....0000- 
2.1.4.2 Barrel Reactors... nuusan enanas 


xiii 


xiv Contents 


2.1.4.3 Downstream Plasma Reactors .............. 20 

2.2 Fundamental Plasma Discharge Concepts...............-. 20 

2.2.1 Debye Shielding .. 0.2... 0... ec cee 20 

2.2.2 Plasma Oscillations ........... 000002020 eeeeee 23 

2.2.3: Particle Orbits: e cand oe 2.5.8 E a p ace a ae th owe 24 

2.2.3.1 Effects of Electric and Magnetic Fields ........ 24 

2.2.3.2 Adiabatic Invariants... .. 0.2.0.0 eee eee 27 

2.2.4 Collisional Processes... 2.2.2.2... eee ee ees 30 

2.2.4.1 Electron-Neutral Elastic Collisions ........... 31 

2.2.4.2 Electron-Electron Collisions ............005 32 

2.2.4.3 Electron Impact Inelastic Collisions .......... 33 

2.2.4.4 lon Collision Processes. 2... 0... ee ee ees 35 

2.2.5 Diffusion and Particle Losses.. 2... 2.0.2... cease 36 

22:6 Shea ths ean ea SOR Re Make eatin a aetna aS 36 

2.2.6.1 Non-Conducting or Isolated Surfaces.......... 36 

2.2.6.2 Sheath Near a Conducting Electrode.......... 37 

2.3 Electron Heating and Energy Distribution ..............- 38 

2.3.1 Interaction of Electrons with a Static Electric Field..... 38 
2.3.2 Interaction of Electrons with a Time Dependent 

Electric Field and Magnetic Field. ..........2.0005 43 


2.3.3 Interaction of Electrons with a Time Dependent 
Electric Field in the Presence of a Static Magnetic Field . .45 


2.3.4 The Electron Energy Distribution Function ...... 2... 46 

2:4: Breakdowns i bec sede Bee A ee ek we kes 47 

2.4.1 DC Breakdown... 2... ee ee eee 47 

2:4:2 RP Breakdown s na ncn. ee ee oe ek 50 

2.5 Glow Discharges... ..... 0.0.0 ec eee eee eee 51 

2.5.1 DC Glow Discharge... 2.0.0... eee ee ees 51 

2.5.1.1 The Cathode Region ...............-.-4- 52 

2.5.1.2 Secondary Electron Generation............. 53 

2.5.1.3 lonization in the Cathode Sheath............ 53 

2.5.1.4 lon Charge Exchange in the Cathode Sheath. .... 54 

2.5.1.5 The Anode Sheath... 0.2.2.0... 0.0 cee eee 54 

2.5.1.6 The Negative Glow Region ............005. 54 

2.5.1.7 Beyond the Negative Glow ...............- 55 

2.5.1.8 The Positive Column ..............22000% 57 

2.5.1.9 Summary of the de Glow Discharge .......... 58 

25:2 RE GOW sg pists ade SSP kee Soha dl Ste BS aaa ses 58 

2.5.2.1 Self Bias and Plasma Potential.........--..- 59 

2.5.2.2 Discharge Characteristics..............---- 65 

2.5.2.3 RF Discharge Modeling...........-..--.--- 65 

2.5.2.4 Summary of the rf Glow Discharge........... 66 

2:6: References one oe ss Wee eae a ee See E GN 66 

3. FUNDAMENTALS OF SPUTTERING AND REFLECTION.......... 70 
David N. Ruzic 

3.1 Introduction: i. 408 e Pie ad See a So ee 70 


3.1.1 Sputtering Regimes... .. 0.0... eee ee ee eee 70 


Contents xv 


3.2 Modeling se 2 205) 3 eia T be oct Se ee a eds Ba ad 72 
SDP TRIM aa h oC genes Reece sas as hier eee an Ghee E eee 72 
3:25) Fractals. & raaa cote Geek ees. eee Hed es BE Ree Ae 73 
3.2.3 Fractal TRIM -Gero peaa ee eee 74 
324 Reflection oii in eh es BOS ee che 76 
3.2.5 Molecular Dynamics... 0.0.0... 00 eee eee eee 77 

3.3 Experimental Yields... 2.0... 0... 0 ee ee ee ee 81 

SA Exceptions. 4.6.5 a E tee Se ee ee Ok Re ee he 85 

35- References ia aa ee sh eh eek, bee waa eee 87 

4. BOMBARDMENT-INDUCED COMPOSITIONAL CHANGE WITH 
ALLOYS, OXIDES, OXYSALTS, AND HALIDES ................ 91 
Roger Kelly 

4:1 ‘introduction: eo it epe ak oot a ae ee a E Ea ek 4 
4.1.1 The Early Situation. ........-.2.-22.0-02-+ 2222 eee 91 
4.1.2 Bombardment-Induced (Gibbsian) Segregation, BIS..... 93 
4.1.3 Bombardment-Induced Mixing. ...........0.000-- 95 
4.1.4 Bombardment-Induced Decomposition ..........-..- 96 
4.1.5 Redistribution .. 2... 0.0... ee ee ees 97 
4.1.6 Surface Binding Energies of Oxides and Halides........ 98 
4.1.7 General Comments ........ 2.0.00 eee eee enee 100 

4.2 The Role of the Surface Binding Energy ............... 100 
4.2.1 The Surface Binding Energy in Cascade Sputtering. ... . 100 
4.2.2 The Bulk Binding Energy, W....... 0.20002 eee 102 
4.2.3 The Surface Binding Energy for Alloys ............ 103 
4.2.4 Application to Compositional Change with Alloys..... 104 
4.2.5 The Surface Binding Energy for Oxides and Halides.. . . 107 

4.2.5.1 Cation Atom Binding. ..............800- 108 
4.2.5.2 Anion Atom Binding.............-..-.. 108 
4.2.6 Application to Compositional Change with Oxides. ... . 109 
4.2.6.1 Metal Atom Yields from Oxides. ........... 109 
4.2.6.2 Preferential Effects ............2.20000. 109 

4.3 The Role of Segregation. .......-......-.--.-0-0020-- 111 
4.3.1 Equilibrium Segregation... 2... oe ee ee eee 111 
4.3.2 Bombardment-Induced Segregation, BIS ........... 112 
4.3.3 Evaluation of KD... ee eee 115 
4.3.4 Application to Compositional Change with Alloys. .... 120 

4.4 The Role of Bombardment-Induced Decomposition... ..... 121 
4.4.1 General Comments .........0....0-.02 000 eee eae 121 
4.4.2 Surface Binding Energy ... 2.0.0... 00 ee cee ene 127 
4.4.3 Stochastic Rearrangement......... 0.2002 eves 127 
4.4.4 Energy-Limited Rearrangement.............0.06- 127 

4.4.4.1 Mass Differences... 1... 0. cee ee ee 127 

4.4.4.2 Bombardment-Induced Amorphization....... 128 

4.4.4.3 Point-Defect Accumulation. .............- 128 

4.4.4.4 Volatility, Diffusional Transport, BIS. ....... 128 

4.4.5 Equilibrium Rearrangement............-....--. 128 

AG Overview «ooo as des ice re coed asic bates See ht Re Le ee ds 130 


xvi Contents 


AiG: Referencës: orn usec ae Sek Yee or a ee ee oan ee Ae g 131 


PART III 
NON-REACTIVE PLASMA PROCESSES 


5. RF DIODE SPUTTER ETCHING AND DEPOSITION............. 140 
Joseph S. Logan 

5:1 Introductions estarien a ye hah eden BA els 8 140 
Bled AIstOry ean ee ete es Reig dee bee a a a aga Ea EEANN 140 

5.2 RE Discharges.-...cca sree et cee se Bek Woh eee ee eR ee 141 
5.2.1 Breakdowns... 2 cea be ee ee ee ee 141 
5.2.2 RE Self-Bias icc cs oa sca Sa ae Ph el eed BS 141 
5.2.3 Frequency Effect ............ 0.2.2... 0 02 eee 143 
5.2.4 Electrical Models... 2... eee ee ee eee 143 

5.3 Equipment.. ......... 0.00 eee eee ee eee ee 146 
5.3.1 System Designs... 2.0... 2. ee ee ee 146 
5.3.2 Cathode Design. s.s a cn cra aed ee ee ee 148 
5.3.3 RF Power Supply .. 0.2... ee ees 149 
5.3.4 Matching Networks... 2... 2. eee ee ee 150 

5.4 RF Sputter-Deposition............. 02.0.0... cece 151 
5.4.1 Direct rf Sputter-Deposition ......-. 0.2.00. eae 151 
5.4.2 Film Composition... 2... srera renra ee es 152 
5.4.3 Substrate Bias Effects... 2.0... 0.2 ee ee 152 
5.4.4 Material Transport and Uniformity..............-. 153 

5.5 Sputter Etching Applications...........-.......000,5 154 
5.5.1 Comparison to de Sputter-Etching ........-....44 154 
5.5.2 Surface Cleaning... 1... cee ee ees 154 
6.5.3: Patterning: o sc £0 pt ce sates Gielen ee, We a alee Widens 154 
55:4 UNIFORMITY eos as sane: ee dee scale alee a ee aha 155 

5.6 Practical Matters. 2... 0. ee es 155 
5.6.1 Power Measurements and Power Loss ............-- 155 
5.6.2 Current Measurement... ....... 0.0 eee eee eee 156 
5.6.3 Voltage Measurement... 2... ee ee eee ee ee et 157 
5.6.4 Rate Measurement..........-.-0- 00202 e eee 157 
5.6.5 RF Leakage... 0... cee ee ee ees 157 

5.7 Reféréñtéso nar adaa a a ea tS Beer es a e 157 
6. MAGNETRON PLASMA DEPOSITION PROCESSES ...........-. 160 

Stephen M. Rossnagel 

6:1 Introduction. aere daea eaa a a ee Re ES 160 
6:2 Experiments: rasian ein wha ae PR oe oS EEE a EA 163 
6.2.1 Sputtering at the Cathode Surface ............4+. 163 
6.2.2 Gas Rarefaction Effects... 2... 00.2.2 ee eee eee 164 
6.2.3 Plasma Measurements... n.on ansaan ce eee eee eee 166 
6.2.4 Interactions: Effects on Plasma..............0- 169 
6.2.5 Interactions: Effects on Sputtered Material. ........ 171 
6.2.6 Interactions at the Sample Surface .............6-. 176 


6.3 Summary... sssaaa Se ee, eee eee aac ee, poe 180 


6.4 


Contents 


References). oe ee te ew SE a he i e ge 


7. BROAD-BEAM ION SOURCES... 1.1... 0... 0 et eee eee 
Harold R. Kaufman and Raymond S. Robinson 


7.1 
7.2 


7.3 


7.4 
7.5 


Introduction. 26.45 8 Sk eee 2 ee le ee 
Gridded lon Sources .. 0.2.0... 0000. eee 
7.2.1 General Description... 2.2... 2... ee ee ee 
7.2.2 Present Technology. ..........0. 0220 -eeeeeee 
Gridless lon Sources... 0.0... ec eee ee ete es 
7.3.1 General Description... 2... ee es 
7.3.2 Present Technology... 2.6... 2. ee eee ee ee 
Concluding Remarks .. sssaaa aaaea 
References. ... annaua nanna enaa ee es 


PART IV 
REACTIVE PLASMA PROCESSES 


8. REACTIVE ION ETCHING ...........-. 0-202 ee eee eee 
Gottlieb S. Oehrlein 


8.1 


8.2 


8.3 


8.4 


85 


8.6 


IntrOdUCTION. os eru aere aa e ee as Pike ete 
8.1.1 Basic RIE Apparatus and Reaction Steps........... 
8.1.2 RIE Processes in Semiconductor Technology ........ 
Etch Directionality .. 2.2... ee ee ens 
8.2.1 General Considerations... ......-. 20. cee eee 
8.2.2 Fluorine-vs. Chlorine-vs. Bromine-Based Plasmas. ..... 
8:2:3: Doping Effects. a arna ahha te aes Mae ae tales 
8.2.4 Etch Directionality Through Sidewall Passivation ..... 
8.2.5 Aspect Ratio Dependence of Etch Rate............ 
Plasma Chemical Considerations.......-...-.-...0058. 
8.3.1 Effect of Oxygen Addition... ...........2200-- 
8.3.2 Effect of Hydrogen Addition. 6... 2.0... ..050 0 
8.3.3 Other Gas Additives... 2.0.0.0. nasaan eee 
8.3.4 Loading Effect. .........2. 00.2000. e ees 
Etch Selectivity... 0.2... ce ee ee 
8.4.1 General Considerations... 2... 2. eee eee ees 
8.4.2 Silicon Dioxide to Silicon Etch Selectivity. ......... 
8.4.3 Silicon to Silicon Dioxide Etch Selectivity. ......... 
Contamination and Damage Issues ..............-.-5- 
8.5.1 Survey of RIE Damage Effects...........02.-0 05 
8.5.2 Silicon Surface Modifications Due to Selective SiO}; 


8.5.3 Etch Rate Dependence of Lattice Damage.......... 
8.5.4 Post-RIE Surface Recovery Treatments............ 
Reactor, Equipment Considerations ...............-.-. 
8.6.1 Reactor Types -oeae sot iors nuam ee eee 
8.6.2 Reactor Materials... 2... h ee ee te es 
8.6.3 Chamber Cleanliness, Process Reproducibility Issues ... 
8.6.4 Single Wafer vs. Batch Reactors. .........-....-- 


xvii 


xviii Contents 


8.7 End Point Detection and Plasma Diagnostics............ 225 
8.7.1 General Considerations... . nasses rrenaren rru 225 

8.7.2 Laser Interferometry, Reflectance ............. 225 

8.7.3 Optical Emission Spectroscopy ........-.-5005 225 

8.8 Current Trends...) cg he bk lee hea eh eae ee 226 
8.9: ‘References: secs see hk wee Se a Ms ean gs E oe 228 
9. REACTIVE SPUTTER DEPOSITION. ..........-..- 0002-0 eee 233 

William D. Westwood 

9.1 Introduction. ..... o.ue 00.000 cee eee eee 233 
9.2 Plasma-Based Sputtering Techniques: Hysteresis Effects... . 233 
9.3 Reaction Kinetics: Models...........-..-..0 0000s 237 
9.4 Sputtered Species... 2.2... ee ees 237 
9.4.1 Cluster Emission... 2.2... 0. ce ee ee ee ee 237 

9.4.2 Negative lon Emission ........-..2-.00 02 05e 238 

9.5 Plasma-Based Sputtering Systems...........-..-.--05.- 240 
9.5.1 Diode Systems... 0... ec ee ens 240 

9.5.2 Magnetron Systems .... 0... 2.6 eee ee eee 243 

9.5.3 Modified Magnetron Systems...........-..4.4. 249 

9.5.4 Monitoring Systems... . asserens arrena 252 

9.6 Reactive Sputter Deposition with lon Beams ..........- 255 
9.7 Conclusions... ... 2.0.0.0... ee ee es 256 
9.8: (ReterenGes:¢ i. coy 4. lee 34 cent: Gee ots ios ear alge: oA we Sake a 257 


10. PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION OF 


THIN FILMS FOR MICROELECTRONICS..............---.556- 260 
Rafael Reif 

10.1 Introduction... 2.666 ek ee ee be we ee 260 
10.2 Nonequilibrium Glow Discharges ...............-.-.-- 261 
10.3 Potentials in RF Glow Discharges...............004, 263 
10.4 Qualitative Model for PECVD ...............02006- 266 
10.5 Commercial PECVD Systems..........-.-...--2-0-- 269 
10.6 PECVD of Dielectric Films.................-.206. 271 
10.7 PECVD of Polycrystalline Silicon Films............... 273 
10.8 PECVD of Epitaxial Films... .............- 005 eee 274 
10:81 Silicona neiaie eed ae ae ES oe Aes 274 

10.8.2 Gallium Arsenide.. 0... cee ee ee eee 277 

10.9 PECVD of Refractory Metals and Their Silicides......... 277 
10.9.1 Refractory Metals... 2.2.02. ce ee ee eee 277 

10.9.2 Refractory Metal Silicides........-......0206. 278 

10.10 PECVD of Diamond Films ........-.-......------ 279 
10.11 Other Plasma Deposition Configurations .............. 279 
10.12 Summary... s eieae ee ee Bee oe es 280 
10.13 References... 20.2.2 20k ee ek Se re 280 


11. ELECTRON CYCLOTRON RESONANCE MICROWAVE 
DISCHARGES FOR ETCHING AND THIN FILM DEPOSITION. ..... 285 
Jes Asmussen 


Contents Xix 


11.1 Introduction... 0 02. ee ees 285 
11.2 Energy Coupling and Power Balance in Steady State 
Microwave Discharges... 1.0... 0020 e eee 286 
11.3 Microwave Energy Coupling vs Pressure in a Uniform 
Magnetic Field Gradient... 22.2.2... eee ee eee 290 
11.4 Microwave Energy Coupling in a Nonuniform Static 
Magnetic Field 2.0.5 0056 coe oi a ee ew Ge 292 
11.5 Microwave System Considerations .............-2.0005% 293 
11.6 Fundamental ECR Applicator Configurations........... 296 
11.6.1 Waveguide Applicators... . 2... 0... 0 eee eee 297 
11.6.2 Cavity Applicators... 2.2... 00. eee ee ee ee 299 
11.7 Microwave Plasma Processing Reactors ............055 301 
11.8 Discharge Characteristics... 2... 0.0.2.0... rras eee ees 304 
VS Discussign: 3.228 eS hace fare ke Ree eee, SOO Meat eee 305 
11:10. References i roaie BG EA Mee ote Peed ee 306 
12. HOLLOW CATHODE ETCHING AND DEPOSITION ............-. 308 
Chris M. Horwitz 
12.1 Introduction... 2.0... ee ee es 308 
12.2 Discharge Confinement Effects ............-.000055 309 
22I Diode eg eet atte S yas hd oe oa ee ee SS 309 
12.2.2 Hollow Cathode..........-...--202-2085 311 
12.3 Etched Sidewall Angle Control... ..........0 000000: 315 
42.321 -Meéchanistns. a rea taen Sticke a ee ws ae eg de Sens 315 
12.3.2 Special Machine Designs..............--06- 317 
12.4 Etching Performance ..............-50 020 eee eee 318 
12.4.1 SiO, Selectivity and Etching. .............6. 318 
12.4.2 Device Processing; SiO, Etch...........2.005 323 
124:3. SV Etching: 60.5 kE ate ee SG A els 326 
12.5 Si Deposition Performance .........-.....----..-5- 329 
12.5.1 Substrate Processes ......- 00-2 cee eet ee eee 329 
12.5.2 Experimental Results........... 0.20 eee eee 330 
12.6 “Conclusions. icc. ricus ered a ee eS 333 
12.7 ‘References: 0. el ek ee ee Se ea ee wie eS 334 
PART V 
RELATED PLASMA PROCESSES 
13 ION PLATING oi fess se lb SN ees ae bl SS cS et Beek 338 
Donald M. Mattox 
ISA. Introduction- s sie ee 8 ee ee, Be Ee eee 338 
13.2 Processing Plasma Environment...............+2005 339 
13.3 Bombardment Effects on Surfaces and Film Growth ...... 341 
13.4 Vaporization Sources for fon Plating. ...........-.--- 343 
13.5 Bombardment Effects on Film Properties............-. 344 
13.5.1. Film Adhesion .. 0... 0... 00 ce ee ee ee eee 344 
13.5.2 Film Morphology, Density ..........-.-0000% 345 


13.5.3 Residual Film Stress... .......-2..---0-0020585 346 


xx Contents 


13.5.4 Crystallographic Orientation .............04. 347 
13.5.5 Gas Incorporation... . 0... 0.0. cece ee ees 347 
13.5.6 Surface Coverage... ......--. 2.02 cee eee 347 
13.5.7 Other Properties... 2.2... 2 ee ee eee y 347 
13.6 Problem Areas .... 0.0.0.0. 2c eee ee eee 348 
13.7 Applications.........0.0. 0000.0... aaa 350 
13:8 :SuMMaty sock eap ei Be Bs ES, ech Rea ead 2 350 
13.9. References: rid ce eee eb aa lace at Shae erick Soa 351 
14. IONIZED CLUSTER BEAM (ICB) DEPOSITION TECHNIQUES... .. . 356 
Isao Yamada 
14.1 Introduction. oooga at 00.000. cee ee eee 356 
14.2 Experimental Techniques...................-200-- 357 
14.3 Film Deposition with ICB.................2..000% 361 
14.3.1 Kinetic Energy Range of ICB and Effects of 
the Kinetic Energy... 2.2.0... 0.02. eee eee 362 
14.3.2 Film Deposition by Reactive ICB Techniques... .. 365 
14.3.3 Film Deposition by Simultaneous Use of ICB 
and Microwave lon Sources.............0205 366 
14.4: “Summary vse yo e bo See eee bd a ae E A 368 
14.5. “References ee oto 8 Bebe a Ada a aa Aas 368 
15. THE ACTIVATED REACTIVE EVAPORATION (ARE) PROCESS... . 370 
Chandra V. Deshpandey and Rointan F. Bunshah 
15.1 Introduction... 2... 0... 2. ee ee ees 370 
15.1.1 Historical Developments... ........0.0 0c eee 371 
15.2 Evaporation Processes for the Deposition of Compound 
FAMS oes Ps eis eed oes A BG sa ea Rae ce eth ee, wan 373 
15.2.1 Direct Evaporation ..... 2... 0. ee ee eee 373 
15.2.2 Reactive Evaporation Processes .............. 373 
15.2.2.1 Using a Compound Evaporant....... 373 
15.2.2.2 Using a Metal Evaporant........... 374 
15.3 Thermodynamic and Kinetic Factors in Reactive 
Evaporation Process... ........ 0.00 eee eee te eee 374 
15.3.1 Thermodynamic Factors............-..200- 374 
153 2 ‘Kinetie:Factors. 4.2244 scale vice ete eh whee 374 
15.4 Role of Plasma in Evaporation Based Processes.......... 375 
15.4.1 Influence of Plasma on Growth Kinetics of the 
Deposits aen tte ht At ee eee 8 ele Ss ene 375 
15.4.1.1 Plasma-Source Reactions in ARE 
Processes... 0... ec eee eee es 375 
15.4.1.2 Plasma Volume Reactions.......... 375 
15.4.1.3 Plasma Substrate Reactions......... 376 
15.5 Implementation of the Activated Reactive Evaporation 
Procêss i 220240 S05 ho Sia ee eh Se he 376 
15.5.1 Basic ARE Processes ......-.-..-.2 020 e eae 376 
15.5.2 Modification of the Basic ARE Process ......... 377 


15.5.3 Low Pressure Plasma Deposition (LPPD) Process. . . 377 


15.6 


157 
15.8 


15.9 
15.10 
15.11 


Contents 


15.5.4 Processing Using Plasma Electron Beam Guns ..... 
15.5.5 Activated Reactive Evaporation Process Using 

an Arc Evaporation Source ............0.005- 
Recent Developments in the ARE Process ............. 
15.6.1 New Approaches to Produce the Various Species. . . 
15.6.2 New Plasma Excitation Modes and Geometries ... . 
Structure and Properties of the Films .............-.-. 
Materials Synthesized Using the Activated Reactive 
Evaporation Process... ..... 000 e eee eee eee eee 
Future Outlook and Perspective..................4. 
COnclUSiONS x. sod we 5 Gok Ne See Bee ae tere wa ee E 
References. siaa oega irad ae aeie wheels Hs At E 


16. FORMATION OF THIN FILMS BY REMOTE PLASMA ENHANCED 
CHEMICAL VAPOR DEPOSITION (REMOTE PECVD)............ 
Gerold Lucovsky, David V. Tsu and Robert J. Markunas 


16.1 
16.2 
16.3 


16.4 


16.5 


16.6 


16.7 


16.8 
16.9 


Introduction a a Sete ws eee ee ee RS he 
Background — CVD Processes ............----.+--: 
The Remote CVD Deposition Process................ 
16.3.1 Overall Deposition Reactions............-.4. 
16.3.2 Deposition Chamber Design and Process Variables.. 
Chemical Reaction Pathways in the Remote PECVD 
PrOGOSSiesne eu Seo Ald ee Pee ene lade aO 
16.4.1 The Deposition Analysis System. ..........-.. 
16.4.2 Deposition of Hydrogenated Amorphous Silicon... 
16.4.3 Deposition of Silicon Based Dielectrics ......... 

16.4.3.1 Silicon Dioxide (SiO0,)............ 

16.4.3.2 Silicon Nitride: SigzNg............ 

16.4.3.3 Silicon Oxynitrides 

[(SiO2)x(Si3Naq) 1 x] ee 

Selected Bulk Properties of Deposited Thin Films ........ 
16.5.1 Hydrogenated Amorphous Silicon ...........- 
16.5.2 Silicon Dielectrics... . ce ee ee ee 
Remote PECVD Dielectric Films in Device Structures .... . 
16.6.1 Silicon Dielectrics in MOS Capacitors and FETs ... 
16.6.2 Amorphous Silicon Devices...........0 0000s 
Recent Developments in Remote PECVD.............. 
16.7.1 Integrated Processing with In Situ Process 

Diagnostics and In Situ Surface Analysis ........ 
16.7.2 Other Material Systems...........00 000 cere 
16.7.3 Subcutaneous Oxidation Processes During 

Remote PECVD ...... 0... 0c ce eee eee 
Summa sea see ae needed ak ne ela Seed dude SU toad 
FIRTCYON COS s.-5 Se leer ae BW Re as PG eh ee ee ee 


17, SELECTIVE BIAS SPUTTER DEPOSITION ..............200-- 
Soren Berg and Claes Nender 


17.1 


Introduction... .....0..0.0 0.0002 c ee ee 


xxi 


xxii Contents 


17.2 
17.3 
17.4 
17.5 
17.6 
17.7 
17.8 
17.9 


Substrate Dependent Bias Sputter Deposition........... 
Deposition-Etching Balance in Bias Sputtering .......... 
Sputtering Yield Values at the Film-Substrate Interface ... . 
Selective Bias Sputter Deposition.........0........0. 
Selective Bias Sputter Etching. .............00 00 eee 
The Self Limiting Etch Depth Technique.............. 
Conclusións se oe CY edge Bee eee saa 2S See Me 
References: cag radiaan See hk ee Se ee ee 


18. VACUUM ARC-BASED PROCESSING....................... 
David Sanders 


18.1 
18.2 


18.3 


18.4 
18.5 


18.6 
18.7 
18.8 


Introduction: oc ccc Eee a ae eek 
Categories of Vacuum Ares. .......-...-.-2---2000- 
18.2.1 The Discrete Cathodic Arc .... 2.0.2.2... 0 cee 
18.2.2 The Diffuse Arcs... 0... ee ee es 
18.2.3 Summary of Arc Types...........-2.000005- 
Source Design Considerations ............-..-.-.-...-. 
18.3.1 General Considerations... ... 0.0.0.0... 0000s 

148.3.1.1  Arcinitiation............ 0.000. 

18.3.1.2 ArcControl.............20000. 

18.3.4.3 Plasma Control................-.- 
18.3.2 Specific Examples... ........ 0.0 cee eee eee 
Coatings from Arcs (Structures and Properties).......... 
Applications and Opportunities... ..............2-.-. 
18.5.1 Non-Coating Applications................-. 
Gaps in Understanding. ........... 0.002022 e eee 
Cönclüsion. oaeo a cok pE oik Sale ne we Soe ee aE 
References: 5. oadal aa ea ee ee Ge eee ae 


PART VI 
PLASMA SURFACE INTERACTIONS 


19. ION-SURFACE INTERACTIONS: GENERAL UNDERSTANDINGS .. 
Russel! Messier, Joseph E, Yehoda and Lawrence J. Pilione 


19.1 
19.2 
19.3 
19.4 
195 
19.6 
19.7 


Introduction 25,0302 Sie bes ee et Ske eee ek 
Preparation-lon Bombardment Relations.............. 
lon Bombardment-Property Relations................ 
lon Bombardment-Structure Relations ............... 
The Interaction of lons with the Growing Film.......... 
Conclusions: 602 c scaled ora Be. Mig hte Sheets Pere Rb esa ee 
References... piucone aneda ee ee ees 


20. ION ASSISTED DEPOSITION. .................. 0-0-0200 0] 
James J. McNally 


20.1 
20.2 
20.3 


linttrod úction oo 6 nck a hee See ea ee Se, A 
Background -i js ieee ks dos, Ree ee ee 
Experimental Apparatus.............0...00 0200005 
20:32 lon Sourtès soy Sele i Sie Se eS 


20.4 
20.5 
20.6 
20.7 
20.8 


21.2 


21.3 


21.5 


Contents 


20.3.2 Operational Considerations... . 2.0... 00000 eae 
20.3.3 lon Preclean of Substrates................24. 
20.3.4 lon Assisted Deposition ................00005 

20.3.4.1 Procedures... cee ee ee ee 
20.3.5 Dual lon Beam Sputtering (DIBS).............. 
Properties of IAD Films... ............ 0.2.20 0005 
Properties of Dual IBS Films. .............. 00000058 
Advantages and Limitations.................02200- 
Conclusions. 2:63 ce ss ea ie ee Ba te Ga 
References... enra ech E ete ii eae oe antec nee oe te 


21.1.2 Comparative Modification Strategies...........2. 
Bias Sputtering... 0.2... ee ee ete 
21.2.1 Fundamental Aspects of Bias Sputtering ......... 
21.2.2 Applications... 0.0.0.0... ee ee ee ee G 

21.2.2.1 Impurity Atom Resputtering and 

lon Implantation Effects.............. 

21.2.2.2 Control of Film Stress and Microstructure . . 

21.2.2.3 Control of Film Topography........... 
Coincidental Control of Coatings Deposited by Plasma 
SPUING eis e ee ae Wk ww Solace oe ee 
21.3.1 Internal Stresses and Physical Properties ......... 
21.3.2 Special Investigations and Applications .......... 
Modelling of Matter-Energy Co-Deposition in Refractory 
Coatings es aia see anaes SRE Noe E atl ew Aa 
Referencesie. ecu aos ti he Se RS tes a as 


xxiii 


Techniques for IC Processing 


David B. Fraser and William D. Westwood 


1.1 INTRODUCTION 


The driving force for the rapid development of plasma based processing over the past 
15 years has been the microelectronics industry and in particular, the fabrication of silicon 
integrated circuits. There has been a consistent annual doubling of the complexity of 
these circuits: today, memory chips containing over 1 million transistors have been in 
production for a few years, chips with 4 million transistors are beginning production, chips 
comprising over 16 million transistors are being developed, and plans are being developed 
for circuits with 4 times that number of active devices. This increased complexity is driven 
by the need to provide more functionality and to reduce the cost of providing it. If the 
automobile industry had been able to do the same over this time period, a racing car would 
cost less than $10. -The large increase in the number of transistors has been accomplished 
primarily by reducing their size; whereas feature sizes (e.g. transistor gate length) were 
20um in the early 1970’s, they are now 0.7m or less. 


These very high transistor count chips utilize CMOS (Complementary Metal Oxide 
Semiconductor) technology, because of its low power dissipation. However, other tech- 
nologies for circuit fabrication have also developed rapidly. Bipolar silicon technology 
provides higher clock speeds than CMOS (400 MHz VS 40 MHz) and has also evolved 
from larger to smaller feature sizes to provide higher performance. Gallium arsenide 
MESFET (Metal Semiconductor Field Effect Transistor) circuits have developed in the 
past few years; 1am features are standard but 0.5m and even 0.25am transistor gate 
lengths are in production for microwave integrated circuits. 


In all these technologies, circuit fabrication involves a number of process steps carried 
out sequentially. The precise nature of the steps and the sequence in which they are per- 
formed may vary, but they are generically similar. They may involve: 


(i) Epitaxial growth of doped Si or GaAs layers on a Si or GaAs substrate respec- 
tively. 


(ii) 


(iii) 


Gv) 


(v) 


(vi) 
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Ion implantation of dopants (B and P into Si, Si into GaAs) selectively in depth 
and location. The implant damage must then be annealed out. 


Ion implantation of non-dopants (e.g. protons) to deliberately cause damage 
and thus lower conductivity to provide electrical isolation of devices. 


Deposition of dielectric layers to isolate conducting layers. In MOS technology, 
the gate oxide is thermally grown on the silicon, thus consuming some of the 
silicon: the thermal oxide provides a lower density of interface states (i.e. states 
within the electron energy band gap of the semiconductor) which affect tran- 
sistor performance. However. dielectric films are required in other stages of 
the process to provide electrical isolation between conducting interconnects as 
well as for other functions, such as passivation, scratch protection, etc. Silicon 
nitride is usually deposited, as well as various form of silicon dioxide, sometimes 
doped with B,P, etc. 


Patterning a mask to define specific features. This usually involves covering the 
wafer with photosensitive material (resist), exposing it to energy (ultra-violet 
or X-ray photons, electron or ion beams) to change its structure locally so that 
the pattern can be developed. Once the pattern is established in the 
photosensitive material. it provides the mask for the next step in patterning. 


Etching the pattern in the semiconductor (e.g. GaAs) in one of the dielectric 
layers (e.g. Si,;N,), or in a metal film (e.g. Al). 


(vii) Planarization of the surface to allow for the next process stage. For example, 


it is very difficult to carry out the patterning step on non-planar surfaces. For 
optical lithography, the depth of focus may be only lum whereas the wafer 
surface may have larger height variations after several processing steps. 
Planarization may involve the deposition of an organic layer, such as polyimide, 
which fills the depressions coupled with some etching process to remove mate- 
rial from the high points. 


(viii) Deposition of a polycrystalline semiconductor, particularly Si, for transistor 


(ix) 


gates. 


Cleaning between process steps. Many process steps depend on starting with 

a clean surface: for example. epitaxial growth of Si on Si, ohmic contact for- 
mation between GaAs and Ni-Ge-Au. In fabrication of a typical circuit, there 
may be 10-12 mask levels, each requiring a different process step and a clean 
surface for the process. Since each mask level involves photolithography, re- 
moval of residual resist at each stage is vital. 


Twenty years ago, all of these steps, except metallization, involved a chemical process 


carried out in either liquid or gas phase. Chemical vapor deposition was used to deposit 
semiconductor and dielectric films. These are relatively high temperature processes; 
poly-silicon is obtained by cracking silane at 625°C. Etching was carried out using acid 
or alkaline solutions and sometimes required slightly elevated temperatures. Etching 
SiO, required hydrogen fluoride acid baths, for example. Similar solutions, such as Garo’s 
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acid or organic solvents or several combinations of chemicals were used to provide clean 
surfaces between process steps. 


Today, many of these deposition and etching process steps are instead based on the 
chemistry and physics of plasmas. This book deals with these processes over a broad 
range of deposition and etching technologies. In general, plasma processes are often quite 
complex, difficult to understand and usually require significantly more equipment than the 
wet chemical processes which they replace. A plasma can be thought of as a special state 
of matter in which the number densities of positive and negative (usually electron) 
charges are equal, on average, but these individual densities may be quite high 
(10° to 10!4cm-3 , see Chap. 2). Typically only a small percentage (< 1%) of the gas is 
ionized. However, the properties of transistors are very sensitive functions of the elec- 
tronic charge carrier density in the transistor channel. Many years of research were re- 
quired to control the charges in MOS transistors and reduce them to an acceptable level 
of 10!cm~2 . It therefore seems contradictory to expose these structures, during proc- 
essing, to the energetic environment of a plasma of any kind. Yct, plasmas now provide 
the most practical way to carry out many of the process steps involved. Some of these 
steps, and the advantages provided by the plasma, are discussed briefly below while the 
rest of the book will examine in more detail a broad range of plasma processes which are 
relevant to the deposition and etching of films, both for microelectronics, and for other 
fields. 


1.2 PLASMA PROCESSING IN MICROELECTRONICS 


A cross section of one cell of a CMOS circuit is shown schematically in Fig. 1. This 
is just one of the many complex microelectronic structures now being fabricated. It pro- 
vides a good example of the different process steps discussed above. We will concentrate 
here on these steps which directly involve the use of plasmas. Although ion implantation 
is a very important step, it utilizes plasmas only indirectly. The ions for implantation are 
generated by a plasma in the source. However, they are extracted from this plasma, an- 
alyzed and accelerated through a high vacuum region to the substrate to be implanted. 
While the efficient extraction of high ion current densities is an important topic in the 
design of implanters, since it affects wafer capacity, there is no direct affect of the plasma 
on wafer processes. Therefore, ion implantation will not be discussed here. 


There are two aspects of plasmas which are important in processes: physical and 
chemical. Any plasma contains positive and negative charges in equal number densities. 
Because electrons have a much higher mobility, any surface in contact with the plasma 
will develop a negative potential with respect to the plasma. The resulting electric field 
reduces the electron current density to the surface until it equals the ion current density 
and the electrical neutrality of the plasma is thus maintained. The ions are accelerated to 
the surface by the electrical field; they arrive with an energy up to a maximum value of 
eV;, where —V, is the floating potential of the surface relative to the plasma. In dc dis- 
charge plasmas, V; is normally a few volts, and the effect of these low energy Ar* ions, 
for example, may be insignificant. However, the ion energy can easily be increased by 
applying a potential —V,, (relative to ground) to the surface; the ion energy is then 
e(V, + V;) and this may have a significant effect on the surface. For example, sputtering 
will take place when this energy exceeds about 20eV. In rf discharges, floating surfaces 
may develop even higher negative potentials, so that sputtering may occur even without 
supplying a bias to the sample deliberately. The actual potential depends on the geometry 
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of the system and the frequency of the supply voltage. This topic will be discussed in more 
detail in Chap. 2. 


ALUMINUM 


POLYSILICON 


POLYSILICON 


n 
Figure 1: Schematic cross section of a basic cell of a CMOS circuit with a transistor gate 
width of 1 am. 


Many of the physical effects resulting from the plasma are due to the arrival at the 
sample of photons, electrons and ions. If the charged particles have sufficient energy, they 
may cause significant effects on the substrate, such as sputtering or stress generation. In 
most plasma systems, the electric field will be normal to the substrate and ions therefore 
reach the sample at normal incidence. Thus, some parts of a surface may be affected 
much less, or remain unaffected, by ions because of the substrate geometry. An example 
is shown in Fig. 2(a); no physical sputtering can occur in the region which is essentially 
masked by the mask overhang. 


The chemical effect of plasmas results from the chemical activity of species which can 
be generated by mechanisms within the plasma, such as ionization by electron collision 
with molecules. For example, N,* ions are very easily produced in the plasma. When 
N,+ impinges on a substrate, it may dissociate into N atoms, which are very reactive. 
While molecular N, is a very stable molecule which is unlikely to react with any substrate 
material, the addition of the same gas to a discharge produces highly reactive N atoms. 
For example, refractory materials such as AIN and TiN are readily formed when N,* ions 
impinge on Al or Ti surfaces whereas N, does not react with Al even at elevated temper- 
atures and even then only incompletely with Ti. More complex gases, such as CF, , may 
be introduced into a plasma, producing different molecular ions (CF;+, CF,+ and CFt) 
each of which will have different reactivities. In addition to ions, uncharged radicals may 
be generated which are extremely reactive: e.g. atomic oxygen in an O, plasma or CF, 
in a CF, plasma. These radicals reach surfaces isotropically from any direction and cause 
reactions there. For example, In Fig. 2(b). the sidewall of the mask is eroded by reaction 
with a radical, the result being a gaseous species. 
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Figure 2: (a) Physical effects caused by the plasma. The substrate is sputtered by ener- 
getic (>20eV) ions, except in the region protected by the mask overhang because the ions 
are at normal incidence on the substrate. (b) Removal of material from under the mask 
due to chemical reaction with a neutral radical generated in the plasma. Since they are 
uncharged, they can reach all surfaces. 


Care must be taken to ensure that no unexpected reactions take place. For example, 
water vapor is the most common constituent of the background gas in most vacuum sys- 
tems after pumpdown. It is absorbed on the chamber walls, when a system is open, or 
on the surfaces introduced into the system (e.g. substrates and holders): the water vapor 
then desorbs from the surface in the vacuum system; the desorption rate may be increased 
by substrate heating or by ion bombardment from the plasma. Water vapor is then 
dissociated within the plasma into O, OH and H fragments. Both O and OH are very re- 
active with many metals to form oxides: the remaining hydrogen is not efficiently pumped 
in many vacuum systems, and is easily incorporated in many film materials. 


In most plasma situations, both the physical and chemical effects may be important 
and should be considered carefully. Thus, combined effects of the situations shown in 
Fig. 2 can occur. The relative importance of the physical and chemical effects will, of 
course, depend on the circumstances of each case: the reactivities, the substrate potential, 
and the ion species in the plasma are the important parameters. However, these depend 
in turn on the plasma volume, gas flows, excitation volume, etc. These are considered in 
following chapters. 


With these two effects of plasmas in mind, we may consider their application in 
microelectronics processing. Here we briefly review the various process steps required 
in fabricating the device in Fig. 1 and the plasma requirements. 
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1.2.1 Cleaning 


Successful fabrication of complex ICs requires many lithography steps in which each 
mask is accurately aligned with the previous patterns on the wafer. A sequence of 9-13 
individual masks may be required to complete the process. For each stage, the wafer is 
covered with a layer of photoresist which is exposed using the mask and the resulting 
pattern developed, producing areas which are free from photoresist. This pattern is used 
in the next process step. For example, the remaining resist may prevent etching of a 
SiO, layer from the Si wafer in these areas. After etching, the photoresist is removed, 
leaving the SiO, layer in selected areas, as required for the next process step. Alterna- 
tively, the mask may be used to selectively deposit films in unmasked areas: when the 
photoresist is removed, the excess metal is removed. 


It is clearly required that following the etching or deposition step the photoresist is 
thoroughly removed, both before etching the SiO, and before proceeding to the next 
process step. If it is not thoroughly removed in the first case, regions of SiO, will remain, 
after etching, in additional uncontrolled areas. 


Photoresists are hydrocarbon-based polymers, with the cross-linking being deter- 
mined by the exposure and development. All traces of polymer should be removed by the 
developer or the photoresist stripper. However, this is often not the case, particularly 
when the photoresist has been subjected to extreme conditions. The last traces of 
hydrocarbon can be removed in a suitable oxidizing atmosphere, by conversion to CO, 
and H,O. The process for this should ideally not require high temperatures nor produce 
damage to either the Si or SiO}. 


An oxygen plasma supplies atomic oxygen which reacts rapidly with the hydrocarbon 
to form volatile CO, and H,O. Although any O, plasma would provide the necessary re- 
active oxygen substrate damage is minimized by ensuring that O,* ions do not reach the 
surface being etched. 


1.2.2 Deposition 


The fabrication of a CMOS circuit involves the deposition of a variety of films, in- 
cluding polycrystalline silicon, Si,N4, and SiO, which may be doped with B and P, Al-Si 
alloys and possibly diffusion barriers such as TiN. Other microelectronic devices require 
different materials to be deposited: for example, epitaxial GaAs, Au/Ge/Ni and WSi, for 
GaAs integrated circuits. Some of these films (e.g. Al-Si, WSi, ) can he deposited by a 
purely physical method, such as sputtering or evaporation, while others require a chemical 
method, such as plasma enhanced chemical vapor deposition (PECVD); reactive sput- 
tering, which is widely used to deposit TiN, combines both chemical and physical aspects. 
Evaporation is preferred for lift-off processes because of the line-of-sight deposition. 
However, it is difficult to control alloy composition, and the adhesion of the film is often 
low, requiring the use of additional adhesion layers. 


1.2.2.1. Sputtering. | Evaporation was the first method used to deposit metals for 
microelectronics, such as Al, for interconnect conductors. With the increased complexity 
of integrated circuits came the need for different materials. Alloys of Al-Si or Al-Si-Cu 
have been widely used to obtain smaller line widths and to decrease electromigration in 
the conductors. However, the elemental constituents of alloys evaporate independently 
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and the individual evaporation rates are proportional to the respective vapor pressures 
at the source temperature. 


It is difficult to obtain from an alloy source an evaporated flux ratio which represents 
the original alloy composition and the source composition changes with time. Initially, the 
more volatile component evaporates from the charge and the flux is enriched in this 
component but the flux will eventually become rich in the other component as the source 
nears exhaustion. The scarcity of alloys which evaporate congruently (i.e. without change 
in composition) makes evaporation unattractive for alloy deposition. 


The situation for sputtering is quite different because of the momentum transfer 
processes responsible for ejecting atoms from the alloy target. The sputtering yields 
Sa and Sp for the two elements in the binary alloy target AB represent the probabilities 
of these atoms being ejected. The numbers which are ejected are, therefore, proportional 
to the product of these probabilities and the numbers of A and B atoms which are present 
within the sputtering depth. In equilibrium, the surface composition of the target changes 
such that the composition of the elements in the sputtered flux is the same as the original 
alloy composition. 


The sputtering mechanism is therefore, clearly advantageous for the deposition of al- 
loys. Two points must be emphasized, however. First, the sputter mechanism alone is 
responsible for producing the correct flux ratio and other target effects will change this 
ratio. If the target temperature is too high, diffusion will occur and will modify the surface 
composition, so that the sputtered flux has a different composition from the alloy target. 


Second, the sputtering process responsible for the correct equilibrium flux requires 
that the target be a homogeneous alloy and not simply a mixture of the two components. 
Sintered powder composite targets do not satisfy this requirement although they are 
sometimes used for deposition of silicides. If the target used to deposit TaSi, contains 
grains of Ta and Si, even if they are extremely small (<5nm), the alloy sputtering mech- 
anism does not apply because sputtering occurs within individual Ta and Si grains rather 
than from an alloy in which atoms are homogeneously mixed. Then, the relative fluxes 
of Ta and Si will depend on the area ratio of Ta and Si grains and the elemental sputter 
yields for Ta and Si. Although the resulting film is a Ta-Si alloy, the sputtering process 
does not make use of the inherent advantage of the alloy sputtering process and there is 
no reason to expect the film to have the desired TaSi, composition. However, a constant 
composition (i.e. Ta/Si ratio) may be obtained if the relative areas of Ta and Si in the 
target are constant. 


Since the vapor pressure of metals is very low except at elevated temperatures, the 
sticking coefficient for the different species in the sputtered fluxes is effectively unity and 
the film composition will be the same as the composition of the flux. However, the film 
composition may differ from the incident flux if energetic ions and neutrals reach the 
substrate and cause sputtering there. 


The sputtering process is basically simple, although practical systems are actually 
quite complex because substrates must be transported, and gases and pressures controlled. 
A plasma is generated by applying either dc or rf power in a suitable geometry and the 
target is biased to accelerate ions of the sputtering gas to it. At present, most systems use 
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a magnetron target arrangement; a magnetic field constrains the electrons to generate 
ions within a few millimeters of the target surface (Chap. 6). 


1.2.2.2 Reactive Sputtering. By adding a gas which reacts with a sputtered metal in 
the presence of the plasma, compound films can be deposited using basically the same 
sputtering system as that used for metals. This topic is treated in detail in Chap. 9. As 
an example, TiN is often used as a diffusion barrier because it is refractory and has high 
conductivity. It is deposited quite easily by adding N, while sputtering a Ti target provided 
a sufficient N, supply is maintained. N,* ions are formed in the plasma and bombard both 
the target and substrate: the N atoms resulting from the impact dissociation react with the 
Ti. The energy and flux of the N,* ions are determined by the sputtering parameters such 
as bias potentials and power. 


1.2.2.3 Step Coverage. In microelectronics, the films are often deposited onto a 
patterned wafer on which there are many steps which must be covered. For conductors. 
for example, the alloy must be continuous over each step and it is desirable that the film 
thickness be the same on the vertical wall of the step as on the flat surface since this will 
minimize high resistance regions at each step. However, this is obviously difficult because 
it would require that the sputtered flux normal to the side wall be the same as the flux to 
the wafer surface. In the usual system geometry, the substrate is parallel to the target and 
the sputtered atom flux is predominantly normal to the substrate surface so that the flux 
to the side wall is quite small (Fig. 3). 


SUBSTRATE 


DEPOSITED 
FILM 


SPUTTERED 
FLUX 


TARGET 


Figure 3: Schematic of the problem of step coverage during sputtering. 
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By applying bias to the substrate, ions are accelerated to the substrate and cause 
sputtering (usually termed resputtering) of the film. If the resputtering ratio is high (i.e. 
the thickness removed from the flat surface is comparable to the thickness deposited), the 
film thickness on the side walls will be increased by collecting the resputtered atoms, while 
the thickness on the top wafer surface is reduced. However, the alloy composition can be 
changed significantly by the resputtering. In fact, the step coverage by Al-Si alloys is 
greatly improved by applying substrate bias even when the resputtering ratio is negligible. 
This is most likely due to ion bombardment enhanced diffusion, which may be the most 
important mechanism for Al alloys but is probably insignificant for refractory metals. 


The ability to improve step coverage is a significant advantage and is easily imple- 
mented because of the plasma environment in which the sputter deposition is carried out. 
It should be noted, however, that the enhancement of step coverage by bias sputter de- 
position may be incompatible with some masking techniques. 


1.2.2.4 PECVD. Chemical vapor deposition has been used in IC fabrication almost 
since it began, and is still used in many cases. In its simplest form, it requires increasing 
the temperature of the substrate to a value at which the required chemical reaction takes 
place at a useful rate in a controlled manner. Perhaps the simplest case is the deposition 
of silicon from SiH, and N, and silicon nitride from SiH, and NH, at 625°C. 


While these are well understood reactions, they do require quite high temperatures. 
In PECVD, the chemical effects of the plasma allow the reactions to proceed at much 
lower temperatures (See Chap. 10). Lower temperatures are desirable to prevent dif- 
fusion of dopants during these subsequent processes. 


Films deposited by PECVD have increased in importance for IC processing as device 
dimensions have decreased and imposed the requirement for much tighter tolerances on 
the dopant location. In depositing these films, it is the chemical aspects of the plasma 
which are usually of prime importance. However, physical effects of the plasma may be 
important in determining the film properties. For example, Si,N, films may have high 
compressive stress when deposited in plasma conditions where substantial ion 
bombardment of the substrate occurs. 


There are two basic plasma arrangements in which the physical effects may be quite 
different. These are shown schematically in Fig. 4. In the downstream arrangement (Fig. 
4(a)), the plasma generation is remote from the substrate, so that physical effects are 
minimized. The gas reactants may be introduced either into the plasma region or near the 
substrate. In the parallel plate reactor (Fig. 4(b)), the substrate is immersed in the plasma 
and is therefore subject to physical effects such as ion bombardment. 


Films can be deposited at temperatures determined by the plasma environment and 
the heat generated by the reactions. While no elevated temperatures are required for the 
chemical reaction, the film properties may be improved by heating. For example, silicon 
films deposited from SiH, will be amorphous and will contain a significant fraction of 
hydrogen, in the form SiH,, unless the substrate temperature is above 600°C. SiO, films 
are deposited from SiH, and N,O, just as in the CVD case. However, silicon nitride can 
be deposited using either NH, or N}. Whereas N, cannot he used in CVD because of its 
low reactivity, (due to the stability of the molecule), its reactivity in the plasma is high due 
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to dissociation processes. There are advantages to using N, in reducing NH bonding in 
the Si,N, films as well as being more convenient. 
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Figure 4: Schematic of (a) downstream and (b) parallel plate plasma deposition systems. 


1.2.2.5 Etching. The selective removal of one material from another is an impor- 
tant part of IC processing (Chap. 8). In the example already discussed in (a), the SiO, 
has to be removed from the underlying silicon but it is important that no significant 
amount of silicon be removed. Typically the dopants necessary for device operation are 
within 100 nm of the wafer surface and must remain there throughout processing. 
Thus, while it is possible to remove the SiO, by a physical method, such as sputtering, this 
is not acceptable for a process step since sputtering will etch the silicon at a faster rate 
than it removes the SiO, and may also introduce damage or impurities into the exposed 
Si. 


For selectivity, a chemical reaction is required which etches one layer (e.g. SiO,) but 
not the other (e.g. Si). For wet chemical etching, this often involves mixtures of several 
chemicals with competing interactions with the exposed surfaces. Just as chemical re- 
actions for depositing films are made possible by injecting suitable gases into a plasma, 
so are chemical reactions for etching. The arrangements to do this are similar to these in 
Fig. 4. The chemical reaction must, in this case, convert the material to he removed into 
a volatile gas which will thus desorb from the surface within the plasma environment and 
be pumped out of the system. 
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A wide variety of gases are used in reactive plasma etching to etch different materials. 
For example, BCl,, SiCl,,Cl,and CCl, are all used to etch Al alloys and 
CF,, C,F,, CHF;, NF3, SFe, SiF,, CFCl, CF,Cl, and CF,C] are used to etch SiO}. Mix- 
tures of gases, such as CF, + O, are also used. Due to the variety of reactions that may 
occur, a large number of species may exist in the plasma. 


As discussed with reference to Fig. 2, the type of etching which takes place will de- 
pend on the balance between the physical and chemical effects in the plasma. One effect 
not considered was the deposition onto a side wall of a non-volatile product, such as a 
polymer or C. If this polymer or carbon compound does not react chemically with the 
etch gas species, it will remain on the wail, preventing any further reaction because it 
cannot be sputtered away since the ions do not reach the side wall. This can be used to 
the advantage of the operation in that it inhibits undercutting of masks and results in a 
more anisotropic etch. The technique is known as "sidewall blocking" (Chap 8). 


1.3 SUMMARY 


Despite the apparent anomaly of subjecting an IC, during processing, to an environ- 
ment containing charged species, plasmas obviously play an important role in IC fabri- 
cation. The two aspects, physical and chemical, are important although their relative 
importance will change with the application, the plasma equipment and the gases being 
used. A plasma is, however, a very complex environment in which to carry out these 
processes. Only an improved understanding of the plasma environment will make it pos- 
sible to fully utilize the various process methods and to develop new methods. 
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Introduction to Plasma Concepts 
and Discharge Configurations 


Joseph L. Cecchi 


2.1 INTRODUCTION 
2.1.1 The Plasma State 


A plasma is a gas containing charged and neutral species, including some or all of the 
following: electrons, positive ions, negative ions, atoms, and molecules. On average a 
plasma is electrically neutral, because any charge imbalance would result in electric fields 
that would tend to move the charges in such a way as to eliminate the imbalance. As a 
result, the density of electrons plus the density of negative ions will be equal to the density 
of positively charged ions (1). An important parameter of a plasma is the degree of 
ionization, which is the fraction of the original neutral species (atoms and/or molecules) 
which have become ionized. Plasmas with a degree of ionization much less than unity are 
referred to as weakly ionized. The presence of a relatively large population of neutral 
species will dominate the behavior of this type of plasma. In fully ionized plasmas, the 
degree of ionization approaches unity, and neutral particles play little or no role. 


To form and sustain a plasma requires some energy source to produce the required 
ionization. In steady state, the rate of ionization must balance the losses of ions and 
electrons from the plasma volume by recombination and diffusion or convection to the 
boundary. Plasma is often referred to as the fourth state of matter, since it occurs by 
adding energy (heat) to a gas. There is not, however, a distinct phase change in going 
from a neutral gas to a plasma; the process is more continuous. 


The plasmas we will consider here are initiated and sustained by electric fields which 
are produced by either direct current (dc) or alternating current (ac) power supplies. 
Typical ac frequencies of excitation are 100 kHz, at the low end of the spectrum, 13.56 
MHz in the radio frequency (rf) portion of the spectrum, and 2.45 GHz in the microwave 
region. These plasmas are also referred to as electric discharges, gaseous discharges, or 
glow discharges (the latter because they emit light). In fact, there is a slight distinction 
between the terms plasma and discharge. Strictly speaking, there are regions of a dis- 


14 


Introduction to Plasma Concepts 15 


charge (such as cathode sheaths) which do not actually fulfill the definition of a plasma 
(which will be presented below). As a practical matter, however, this distinction is not 
usually significant. Since the plasmas of interest here are always part of an electric dis- 
charge, we will tend to use the various terms interchangeably. 


2.1.2 Brief Survey of Plasmas 


Although plasmas are not common terrestrially, they do represent the most ubiq- 
uitous form of matter in the universe. Because electrons play such an important role in 
plasmas, it is useful to categorize plasmas by electron densities and electron energies. As 
we shall see, the electrons in a plasma have a distribution of energies, so we will typically 
use an average electron energy. In a number of cases, the electrons will have a 
Maxwellian distribution (2), which can be described in terms of the electron energy e as, 


f(e) = 2¢e)'/?/((n)'/7(kT)*/”) exp( —e/kT) o) 


where f(e), the electron energy distribution function, is proportional to the number of 
electrons having an energy between e and « + de, k is Boltzmann’s constant, and T is the 
electron temperature. The electron energy is given by 


e = (1/2)mv" (2) 


where m is the electron mass and v is the magnitude of the electron velocity. The con- 
stants in Eq. (1) are such that if we integrate over all energies, we get: 


fioa =1 (3) 


The average energy can be obtained by the integral: 


fode = (3/2)kT (4) 


Thus, the electron temperature T for a Maxwellian electron energy distribution is a 
measure of the average energy of the electrons. 


The Maxwellian distribution is also called the equilibrium distribution, because it re- 
presents a case where the electrons are in thermodynamic equilibrium. In a number of 
cases, especially weakly ionized plasmas, f(e) will not be Maxwellian; however, it is quite 
common to still speak of an electron temperature T when referring to the average electron 
energy. 


A convenient unit for the electron temperature is the electron volt (eV) which is 
equivalent to a temperature of approximately 11600 K. In Fig. 1, typical values of 
electron densities and temperatures are shown for a variety of plasmas. They range from 
the very rarified and cold interstellar plasmas up to the dense and hot plasmas used for 
controlled fusion. The plasmas of interest here are the process plasmas, which have 
electron densities in the range of 1x10° to 1x10!2 cm-3, and average electron energies 
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between 1 and 10 eV. The degree of ionization for these plasmas varies from about 
10-6 to as high as 0.3. At the lower end of the density, energy, and ionization scale are 
the discharges that are formed between planar electrodes, while the upper end of this scale 
applies to discharges sustained at a frequency that corresponds to some natural frequency 
for the plasma (such as electron cyclotron resonance (ECR) plasmas). 


26 
10 


ELECTRON DENSITY (cm ~ 3) 


ELECTRON TEMPERATURE (eV) 


Figure 1: Electron density and temperature ranges for a variety of natural and man-made 
plasmas. Lines of constant Debye length (Ap) are shown, along with lines of constant 
number of electrons in a Debye sphere (Np). The region labelled PROCESS PLASMAS 
delineates the parameter ranges for the plasmas used for thin film deposition and etching. 


2.1.3 Plasmas for Thin Film Deposition and Etching 


The extensive use of plasmas for the deposition and etching of thin films derives from 
two salient features. Firstly, plasmas are capable of efficiently generating chemically ac- 
tive species. Examples of this include atomic chlorine for the etching of silicon and CH, 
(x = 0-3) for the deposition of amorphous hydrogenated carbon. The generation of 
chemically active species in a plasma is initiated by the bombardment of molecules and 
atoms by the plasma electron, which have sufficient energy to break chemical bonds. The 
products of the electron bombardment processes, which include radicals and ions, can 
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undergo further reactions, often at high rates, to form additional chemically reactive spe- 
cies. 


As a generator of reactive species, a plasma reactor is similar to more conventional 
chemical reactors (3) which utilize thermal activation of chemical reactions that typically 
proceed with Arrhenius rates « of the form. 


k = A exp( —B/RT), (5) 


where A is the pre-exponential factor, B the activation energy for the reaction, R the 
universal gas constant, and T the absolute temperature. For a given reaction, which fixes 
A and B, the rate depends only on temperature. In actual practice, other factors, such as 
fluid flow, heat transfer, and mass transfer will play important roles. Nevertheless, the 
conventional reactor, with its Arrhenius rates, will be comparatively simpler than a plasma 
reactor, in which the chemistry is governed by many elementary processes that depend in 
very complicated ways on the plasma parameters. The additional complications of a 
plasma reactor are generally offset by greater process efficacy (e.g., higher rates or unique 
capability). It is clear that the design and operation of plasma reactors requires an 
understanding of the plasma and the processes that occur within it, and this is one of the 
major objectives of this chapter. 


The second feature that makes plasma discharges so useful is their ability to generate 
ions and to accelerate the ions to energies of 50 - 1000 eV in the vicinity of the deposition 
or etching substrate. Energetic ions are useful for sputtering, as in the sputter deposition 
of metals. Energetic ions can also play a synergistic role in the deposition or etching of 
thin films. A prominent example of this is the anisotropic etching of semiconductor de- 
vices (4,5), where the etch rate perpendicular to the substrate (the direction of the ener- 
getic ion impingement), can be enhanced over that lateral to the substrate surface by a 
variety of ion bombardment-activated processes. 


Ions are formed in a plasma principally by electron bombardment ionization. The ions 
can then be accelerated in relatively strong electric fields which, in certain discharge 
configurations, exist outside the main plasma volume near the substrate. The formation 
of such strong electric fields in the so-called sheath region of the discharge follow quite 
naturally, as we shall see. 


In this section, we have taken a process point of view of a plasma, which is certainly 
appropriate in the context of this book. It is clear, however, that for any process, we need 
a stable equilibrium plasma discharge in the "background" of the process of interest. This 
will involve a number of elementary collisional interactions (including ones responsible 
for the process of interest), as well as the interaction of plasma electrons and ions with 
electric and possibly magnetic fields. In this chapter we will examine these topics, also. 


2.1.4 An Elementary View of Plasma Reactors 


Although we will consider a number of aspects of plasmas and discharges in this 
chapter, we are primarily interested in these topics as they relate to the plasma reactors 
that are used for thin film processes. Therefore to provide some general framework for 
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what is to follow, we will consider here some general characteristics of the most common 
types of reactors. 


2.1.4.1 Planar Reactors Perhaps the most ubiquitous class of plasma reactor is one 
in which the plasma is formed between planar parallel electrodes (6,7), which are attached 
to the power source. This includes configurations with a single electrode in a metallic 
containment vessel, the latter comprising the second electrode. 


The importance of the plasma electrons in generating chemically active species in the 
plasma volume, and the edge electric fields accelerating ions into the substrate suggests a 
schematic picture in which a reactor is decomposed into two regions. The embodiment 
of this for a planar geometry is shown in Fig. 2. Here, we see the plasma volume where 
chemically reactive species (and/or ions) are generated, in which there is only a small 
electric field. Adjacent to this is a "plasma free" sheath region of strong electric field. 
Although this picture is only approximate, it is represents a useful framework for exam- 
ining relevant plasma and sheath phenomena. It also underlies the approach to many of 
the advanced plasma deposition and etch tools which are constructed to afford inde- 
pendent or nearly independent control of the two regions. 
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Figure 2: Generic plasma reactor for thin film deposition and etching. A power source 
supplies energy to the main plasma discharge where reactive species and ions are gener- 
ated. These species are transported to the substrate or wafer for deposition or etching. 
In many configurations, there is an electric field in the vicinity of the substrate which ac- 
celerates the ions. 


In many types of plasma reactors, the electrodes between which the plasma is sus- 
tained are not simply planar, an example being the hollow cathode discharge (see Chap. 
11). Even in such cases, the discharge will still exhibit the bulk plasma/sheath dichotomy, 
though the geometry of the regions will be more complicated. 
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The operation of planar reactors can be enhanced by the addition of magnetic fields. 
This is usually accomplished by introducing a magnetic field that is nominally parallel to 
an electrode, as in a magnetron sputter source (see Chap. 6) or a magnetically enhanced 
reactive ion etcher (8). As we shall see, the magnetic field will increase the ionization 
efficiency of the electrons. This results in higher density plasmas with decreased sheath 
voltage. 


2.1.4.2 Barrel Reactors. A barrel reactor (9) is a tubular-shaped structure, in which 
a plasma is sustained either by inductively coupling an ac power supply through a coil 
which surrounds the reactor (Fig. 3(a)), or by capacitatively coupling via external rings 
(Fig. 3(b)). For this configuration, the electric field is established inside the non- 
conducting vacuum vessel without internal electrodes. Consequently, this reactor does 
not develop the larger sheath electric fields that a planar reactor does, so that ion 
bombardment usually plays little or no role. The main application of barrel reactors is for 
isotropic etching, including the removal of organic materials as in resist stripping. 


Figure 3: (a) Inductively coupled plasma reactor. An alternating current power source 
creates a time varying current, the magnetic field from which generates a voltage that 
sustains the discharge. (b) Capacitively coupled plasma reactor. Similar to (a), except the 
two plates are used to create an electric field to sustain the discharge. 
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2.1.4.3 Downstream Plasma Reactors Another class of plasma reactor is the down- 
stream reactor (10-12), in which the region of the bulk plasma is separated by a large 
distance (i.e., much more than a cathode sheath thickness) from the substrate. Such 
plasmas are usually electrodeless, being sustained by microwaves introduced by some ra- 
diation launching structure. An important example of the downstream plasma reactor is 
the electron cyclotron resonance (ECR) plasma reactor (11,12). This apparatus includes 
a magnetic field. Electrons are heated by a microwave source which is applied at a fre- 
quency that corresponds to that of the electrons circulating in the magnetic field. The 
processes that are involved in ECR apparatus will be considered in detail below. 


Oftentimes in the downstream geometry, ion bombardment of the substrate is not 
wanted. Owing to the separation of the plasma from the substrate, this is easily accom- 
plished. In situations where ion bombardment of the substrate is essential to a process, 
it is possible to provide this by substrate bias and/or by taking advantage of the behavior 
of particles in magnetic field gradients. 


The downstream configuration represents an even further emphasis on separating the 
bulk plasma from the environment of the substrate. For this reason, the downstream 
configuration is an important approach to advanced deposition and etch tools. 


2.2 FUNDAMENTAL PLASMA DISCHARGE CONCEPTS 


In this section, we will consider the fundamental plasma discharge concepts which 
underlie the operation of plasma reactors for deposition and etching. The concepts dis- 
cussed here are covered extensively in a number of excellent plasma physics texts (13-17) 
and therefore, in some cases, we will present results with only limited derivations. 


In presenting formulae, there is always the question of appropriate units. In general, 
we will use the International System (SI) nomenclature (previously referred to as ratio- 
nalized MKS units). However, in some cases, we will deviate from this standard either 
for convenience, or to follow convention. 


2.2.1 Debye Shielding 


In general, the characteristics of plasmas will differ greatly depending on things like 
the constituent atoms and molecules, densities, energies, and degree of ionization. There 
is, however, one universal plasma characteristic which was noted earlier: the free charges 
in the plasma will move in response to any electric field in such a way to decrease the ef- 
fect of the field. In particular, it is usually the lighter and more mobile electrons that re- 
spond to electric fields, and in what follows we will adopt a simplified, but reasonably 
accurate, picture of a discharge in which the ions are assumed stationary, and the 
electrons are free to move in response to any electric fields. 


We have already noted one implication of this tendency of plasma electrons to de- 
crease electric fields. There will not be regions of a plasma with excess positive or nega- 
tive charge, because if there were, an electric field would arise that would move electrons 
to effectively eliminate any charge imbalance. This feature is called qguasineutrality. 
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In addition, if a "test" charge is inserted in a plasma or an electric field is imposed on 
a plasma, the plasma electrons will move in such a way as to diminish the effects. This is 
the phenomena of Debye shielding, which we will examine more quantitatively by as- 
suming that we place a positive test charge Q in a plasma. We further assume that before 
inserting the test charge, the plasma was quasineutral, with equal electron and ion densi- 
ties given by n. In free space the charge would give rise to an electric potential Vo given 
by (18) 


Vo = Q/(47e,n) (6) 


where r is the distance from the charge, and e, is the permittivity of free space and is equal 
to 8.85x10-!2 farad/m. The total potential V will include the effects of the plasma 
electrons and ions, along with the test charge, and is given by Poisson’s equation, 


VV = - p/é, (7) 
where p is the total charge density in the plasma. The charge density is 


p = e(n; — ne) + Qô(r) (8) 


where 6(r) is the Dirac delta function (18), which specifies that Q is a point charge, and 
n; is the ion density, which, since the ions are assumed to be immobile, may be taken as 
equal to n. For simplicity, we have assumed that there are only positive ions in the plasma. 


The existence of the potential V will cause the electron density to be altered. If we 
assume that the electrons are in thermodynamic equilibrium at temperature T, then we can 
write 


n, = nexp(eV/kT). (9) 
If we now assume that 


eV/kT< <1 (10) 


we can expand the exponential term and rewrite Poisson’s equation as 


v?V = — (en/e,)(1 — 1 — (eV/kT)) + Q8(r) (11) 


or 


VV = V/Ap + 08(0), (12) 


where the quantity Ap is called the Debye length and is given by 
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Ap = ((egkT)/(ne’))'/* (13) 
= 743(T.(eV)/n(cm-3))'?, 


The solution to Eq. (12) is 


V(r) = (Q/4nre,) exp( —1/Ap). (14) 


The plasma thus modifies Vọ from its free space value (Eq. (6)) by attenuating it expo- 
nentially with a characteristic decay length of Ap. This effect is called Debye shielding, 
and quite generally describes how a plasma will respond to an electric field. Plasma 
electrons will collect in the vicinity of the test charge to screen its effect. Fig. 4 shows this 
effect schematically. 


Unscreened potential 
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Figure 4: Schematic of the unshielded electrostatic potential from a point charge Q 
compared to the Debye shielded potential that occurs when the charge is immersed in a 
plasma. The electron density increases in the vicinity of the charge, creating the expo- 
nential fall-off in the potential. 


The solution (Eq. 14) makes sense only if many electrons are involved in the shielding 
process. Since the shielding falls off exponentially, we can quantify this by calculating the 
number of electrons Np in a sphere of radius Ap , called a Debye sphere, 


Np = (42/3)Ap'n. (15) 


In fact, the criterion that Np >> 1 is generally taken as the definition of a plasma. Lines 
of constant Np are plotted in Fig. 1. Clearly, the dependence of Np on n and T, is such 
that for T, above 1 eV, any plasma with a density less than 1x10!8 cm~3, will easily satisfy 
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the large Np criterion. Implicit in our definition of a plasma is the criterion that the size 
of the plasma is large compared to Ap, since, otherwise, the shielding would not be com- 
plete. 


If we were to use (Eq. 14) to calculate the potential energy associated with the 
shielding (i.e., subtract out the contribution from the test charge with Q = e), we would 
find that Np was proportional to the ratio of the particle kinetic energy, kT, to the Debye 
shielding potential energy. It may seem somewhat paradoxical that the Debye shielding 
potential energy decreases relative to the kinetic energy for an increasing number of par- 
ticles in a Debye sphere; however, we can understand this in terms of a reduced "shield- 
ing" requirement on a individual electron as Np increases. 


For the plasmas of interest here, the relevant range of Ap is from 0.01 to 1 mm, with 
0.1 mm being a good average for weakly ionized planar discharges. The value of Np 
varies from about 1x104 to 1x10’, which easily satisfies the definition of a plasma. 


2.2.2 Plasma Oscillations 


If a charge imbalance does occur in a plasma, we have seen how the electrons will 
move to shield out its effects. This does not happen instantaneously, however. A rea- 
sonable estimate of the time it takes for the shielding to "get in place," would be the time 
required for an electron to move a Debye length. This time t, is 


ty = Ap/v = ((eome)/(ne?))!7?, (16) 


Furthermore, we might imagine that the electrons, moving under the force of the electric 
field from the charge imbalance, may "overshoot" and execute an oscillatory motion. A 
more rigorous treatment of this problem (19) reveals that this is the case. The electrons 
will oscillate at a frequency which is just the inverse of t, called the plasma frequency wp, 


wp =, | = 5.64x10° © (n(em™*))!/7 (17) 


Collisions will damp out this oscillatory motion, so that the shielding electrons will even- 
tually assume the static distribution in Eq. (14). 


In the absence of magnetic fields, this is the only "normal mode" of a plasma. In the 
presence of magnetic fields, however, plasmas display a number of additional oscillatory 
modes, Detailed discussion of these, which is beyond the scope of this chapter, can be 
found in a number of excellent references (20,21). We will, however, consider the im- 
portant case of electron cyclotron oscillations in Sect. 2.2.5.3. 


The oscillatory modes of a plasma cstablish its response to externally applied 
electromagnetic radiation. A discussion of the dielectric properties of plasmas is given in 
Sect. 2.2.5.2. We note here the general observation that the plasma will screen out an 
oscillating field with a frequency below w, , but above this frequency, the electrons cannot 
respond fast enough to accomplish the shielding. 
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2.2.3 Particle Orbits 


The charged particles in a plasma will move in response to electric and magnetic fields. 
These fields may arise from external sources (such as a power supply or an electromagnet) 
or from collisional interactions among the particles. In the next section, (2.2.4) we will 
consider the effects of collisions. In this section, we will look at how charged particles 
move in electric and magnetic fields of various kinds and in various combinations. We 
will confine our discussion to fields that do not change in time and will generalize to time 
varying fields in Sect. 2.2.5. We know from Sect. 2.2.1 that the plasma will modify ex- 
ternal fields we attempt to put on. We will deal with this complication in Sect. 2.2.7, 
where we will consider plasma sheaths, and again in our discussion of glow discharges 
(Sect. 2.4). 


2.2.3.1 Effects of Electric and Magnetic Fields. In the presence of an electric field E 


and magnetic field B , a particle of charge q and velocity v will experience a force F given 
by: 


F = qE + qvx B. (18) 
The quantities F, E, v, and B are all vectors, and x denotes the vector cross product. 


Particle orbits are calculated by using Newton’s second law to relate the particle acceler- 
ation a to the force: 


F = ma, (19) 


where m is the particle mass. We will now consider a number of cases to illustrate typical 
particle motions. 


E = constant, B = 0 


In this case, a particle will experience a constant acceleration in the direction of F 
given by 


a = qE /m. (20) 


E = 0, B = constant 


The magnetic force acts in a direction perpendicular to the velocity of the charged 
particle. If a particle is at rest ( v = O ), then there is no force and the particle remains 
at rest. For a nonzero velocity, let us define the component of velocity of the particle 
parallel to B to be v, and the velocity component perpendicular to B to be vı. For the 
case of v, = 0, the particle will move in a circular orbit perpendicular to the direction of 
B. The radius of the orbit is call the gyro radius p and is given by 


p = mvi/qB, (21) 
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where B is the magnitude of B. Noting that the kinetic energy W of the particle is given 
by 


W = mvi/2. (22) 


we can write the gyro radius as 


p = (2mw)!/? /gB (23) 
Thus, for particles of the same energy, the heavier species will have larger circular orbits. 


AS a particular example, let us consider an electron in a 100 G (0.01 T) magnetic field. 
If the electron energy is 100 eV, then the gyro radius would be 2.4mm. At 1000 eV, the 
gyro radius would increase to 7.5 mm. If we now consider a CI- ion at 100 eV and 1000 
eV, we find that its gyro radii are 62 cm and 197 cm respectively. 


These parameters are typical of the cathode region of a magnetron discharge. Thus, 
the electrons will tend to execute circular orbits near the cathode (though, as we will see, 
this will be modified by field gradients and collisions). This will have the effect of "con- 
fining" the electrons in a region there they can efficiently ionize, with attendant im- 
provement in plasma performance. The ions, with gyro radii much larger than the reactor, 
will be largely unaffected. Processes such as anisotropic etching, which rely on ion orbits 
being perpendicular to the wafer, will not be disturbed by the magnetic field. 


The frequency of rotation of a particle in a magnetic field is called the gyro frequency 
or cyclotron frequency w and is given by 


w = qB/m. (24) 


Here, w is given in units of radians/s, and is related to f the frequency in Hz by 


w = nf. (25) 


We note that, although the gyro radius will increase with particle energy, w is independent 
of the particle energy. As we will see below, this fact underlies our ability to couple en- 
ergy efficiently to plasma electrons by using an ac power source with a frequency that 
matches the natural rotational frequency of the electron in a magnetic field. In particular, 
if B = 875 G, then f = 2.45 GHz. This is a typical combination for electron cyclotron 
resonance plasma reactors. 


The component of the particle velocity parallel to the magnetic field, v,, is not af- 
fected by B. Thus, the general orbit of a charged particle in a magnetic field is a helix, 
as shown in Fig. 5. The sign of the charge will determine the sense of the helix; electrons 
and ions will have opposite directions of rotation. 


26 Handbook of Plasma Processing Technology 


C0000 OY 


ION ORBIT 


_.29EQ000000, °3* 


ELECTRON ORBIT 
Figure 5: Orbits of ions and electrons in a homogeneous static magnetic field B. A par- 


ticle follows a helical orbit, with a gyro frequency omeqa that is independent of the par- 
ticle energy. The gyro radius depends on w and the perpendicular velocity as noted. 


E = constant, B = constant 


If E is parallel to B , then it acts on the particle just as in Eq. (20), i.e., B has no 
effect on the component of velocity parallel to itself. If E is perpendicular to B , then 
the particles will undergo a drift motion which is perpendicular to both E and B and has 
a magnitude given by vp,r: 


Vep = E/B. (26) 


This drift velocity is independent of the particle charge and mass, although implicit in the 
derivation of Eq. (26) is the assumption that the particles are free to undergo gyro motion. 
Collisions may interrupt the gyro motion, in which case Eq. (26) will not be valid. This 
drift will operate on electrons in the cathode region of a magnetron, where the cathode 
electric field has a component perpendicular to the magnetic field, and the electron gyro 
radius is small. It will not affect the ions, because their gyro radii are larger than the re- 
actor. 


Nonuniform Fields 


A nonuniform electric field will result in an acceleration which changes in space. It 
is difficult to generalize about the results of this. The main implication is that Eq. (20) 
will be more difficult to solve. 
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A nonuniform magnetic field will result in additional drift motion. In particular, a field 
gradient will produce a drift velocity v,, which is perpendicular to both the field and the 
gradient, given by 


Vg = (v1"/w)(B x VB/2B°). (27) 


Unlike the Ex B drift, a gradient drift will depend upon the particle mass, charge, and 
velocity. If the magnetic field is curved, the particle will experience a drift velocity v,, 
which is perpendicular to both the field and its direction of curvature, given by 


Ve = (v1 °/)(Re x B)/(BR,”). (28) 


Here R, is the radius of curvature of the field. As in the gradient drift, v, depends upon 
the particle mass, charge, and velocity. As in the case of the E x B drifts, it is implicit in 
the above two formulae that the particles undergo full gyro radii. If we again consider a 
magnetron discharge, the magnetic field will usually have both curvature and a gradient, 
so that the drifts in Eqs (27) and (28) will affect the electrons in the discharge (22), 
providing the rate of collisions is low enough to permit the electrons to execute their gyro 
motion. 


2.2.3.2 Adiabatic Invariants In general, the effects of a nonuniform magnetic field 
are complicated to predict. Under certain circumstances, however, we can take advantage 
of quantities which are invariant with changes in B. One example of this is the magnetic 
moment u which is defined as (23) 


n= Wi /B, (29) 


where W, is the perpendicular energy of the particle given by 


Wi = mv.2/2. (30) 


If a particle passes through a changing field slowly, then u is constant., and is referred to 
as an adiabatic invariant. "Slowly" in this case means that from the particle’s point of 
view, the field is changing at a rate less than the gyro frequency. This is a bit difficult to 
calculate exactly, but for most cases of interest this condition is met. 


One application of the constancy of u is in a magnetic mirror, which is a configuration, 
shown schematically in Fig. 6(a), where the magnetic field gets stronger at the ends. Let 
us assume that the strength of the field is Bọ and By at its minimum and maximum re- 
spectively. Let us also assume that the particle has velocity components at the point 
where B = By of v, and vı . Then, if the particle does not undergo collisions in the time 
it take to traverse the mirror, total energy W is also conserved and given by 


W = mv,"/2 + mvi/2. (31) 
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Using Eqs. (30) and (31), we can write an expression for v} 


vi = (X(W — (mv3)/2))?. 


= (2(W — 4B)/2)'77. (32) 


Now, if the particle moves into a region of stronger magnetic field, it will gain perpen- 
dicular energy at the expense of parallel energy. If B increases to the point that W = 
uB, then v, will go to zero and the particle will reverse its direction and thus be "re- 
flected" by the magnetic mirror. For this to happen, the particle must start out with suf- 
ficient perpendicular velocity. We can quantify this in terms of the pitch angle ©, shown 
in Fig. 6(b), which is the angle the velocity vector v makes with v,. At By the magnetic 
moment is given by 


n= W1/B, (33) 
and at the maximum field, if mirroring is to occur, W, = W, so we can write 
u = W/By.- (34) 


Thus from Eqs. (33) and (34), we have that 


Bo/By = Wi/W, (35) 
or 
Bo/By = va / (va + V] 3, (36) 


Now sin 9 = v,/Vv, so we can write 


sin?@ = Ry", (37) 
where Ry is the mirror ratio defined by 
Ry = By/Bo. (38) 


Particles with pitch angles greater than © given in Eq.(37) will be reflected in the mirror, 
while particles with smaller pitch angle have too much parallel velocity to undergo re- 
flection. 
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(a) 
Figure 6: (a) Magnetic mirror field configuration produced by a pair of Helmholtz coils. 
Mirroring takes place as a result of conservation of the particle magnetic moment when 
the parallel velocity goes to zero. (b) Parallel and perpendicular components of the ve- 
locity, showing the pitch angle 0. 


In many magnetron configurations, the field gradients will be such as to provide some 
mirroring of electrons (22). Clearly, at some point, the electrons will undergo collisions, 
thus disrupting the conservation of u, but at low pressures, their confinement is increased 
by this effect. Also, it is possible to utilize mirror confinement in an electron cyclotron 
resonance (ECR) reactor to increase the confinement of the electrons. 


Some ECR reactors make use of a sort of "reverse" mirror in which electrons can gain 
parallel energy by moving into a magnetic field which is decreasing (24). In a downstream 
configuration, if the magnetic field at the substrate is By and the maximum field in the 
ECR region is By, then the electrons which leave the discharge and stream to towards the 
substrate will increase their parallel energy at the expense of perpendicular energy. Let 
us assume that in the resonance region, since the electrons are being accelerated by the 
resonant electric field, the energy of the electron is totally perpendicular, W = W, . Then 
the parallel energy at the substrate is 


Wis=W-Wi = By — Bo. (39) 


This can be rewritten as 
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If the magnetic field at the substrate is 1/4 times the field in the resonance region, then 
75% of the electron energy will be converted to parallel energy. The electrons streaming 
rapidly from the discharge will set up an electric field which will accelerate the ions into 
the substrate. 


2.2.4 Colllsional Processes 


Collisions are generally characterized by a cross section ø which has the dimensions 
of area. If an electron collided with a “hard sphere" of radius a, then o = 7a? (see Fig. 
7). 


Cross section 


T a 


“Hard Sphere" Atom 


Figure 7: Hard sphere atom cross section. Electrons that approach within a distance a 
of the center will undergo a collision, while those that have a larger impact parameter will 
not collide. 


The cross section is a measure of the probability that a given process will occur. For 
some complicated processes there may not be a corresponding physical picture as above, 
although ø still will have units of area. If we are considering electron - neutral collisions 
where N is the neutral density, then the quantity, 


A= (No)7!, (41) 


is the collision mean free path. This is the average distance travelled by the electron be- 
tween collisions or processes. 


Another important quantity which is related to the cross section is the collision fre- 
quency. If v is the electron velocity, then the collision frequency » is defined by 
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v = Nov (42) 
and has units of sec-!. The time between collisions is just v-t}. 


Collisions fall into two general categories: elastic collisions, which are those for which 
the internal energy of the colliding partners is unchanged by the collision, and inelastic 
collisions, in which internal energy changes. Internal energy refers to electronic 
excitations in atoms or electronic, vibrational, and rotational excitations in molecules. 
Ions will, in general, have different states of internal energy, however, an electron does 
not. 


In weakly ionized plasmas (n,/N < 10-7% , collisions between electrons and neutrals 
will be very important in establishing the electron energy distribution function. In fact, the 
dominance of electron-neutral collisions is responsible for the general character of these 
glow discharges, which behave very differently from plasmas with higher degrees of 
ionization, where electron-electron collisions dominate. 


In what follows we will consider example of some important collisions processes. 
Additional information can be found in the references (25,26). 


2.2.4.1 Electron-Neutral Elastic Collisions The elastic cross section for electron- 
neutral collisions ox will depend on the electron velocity. Examples of oy for the rare 
gases is shown in Fig. 8. For rare gases heavier than He, the cross section has a minimum 
at low electron velocities, rises to a peak which increases with mass, and then falls off at 
higher velocities. The minimum is called the Ramsauer effect and arises from the quantum 
mechanical wave nature of the electron. The increase in the maximum cross section with 
mass is related to the increased size of the atom. At higher electron velocities, the inter- 
action time is shortened, so that the collision has less effect on the electron. 


ELASTIC CROSS SECTIONS 


E (eV) 1/2 


Figure 8: Elastic scattering cross sections for electrons of energy E incident on He, Ne, 
and Ar. 
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The average amount of energy transferred from the electron to the neutral is E, , given 
by (27) 


E, = ôE. (43) 


E is the electron energy and ô is given by 


ô = (2m/M)E, (44) 


and m and M are the electron and neutral mass respectively. Since the neutral mass is 
much larger than the electron mass (e.g., for Ar, (2m/M) = 1/40,000), very little energy 
is transferred to the neutral in an elastic collision. However, the electron will experience 
a large change in the direction of its velocity, and hence its momentum is changed. We 
will see why this is important when we consider how an electron moves in an electric field. 


From Eq. (42), we can write the collision frequency for electron-neutral elastic colli- 
sions vy, as 


vy = Noxv (45) 


where v is the electron velocity. From Eq. (45) we can see that vy will depend on the 
neutral gas pressure. As noted previously, collisions will affect the behavior of electrons 
in a magnetic field. At higher pressures, where vy > > ,, electrons will be unable to 
execute a full cyclotron orbit, and their drift motion will be interrupted. 


2.2.4.2 Electron-Electron Collisions Electron-electron collisions are characterized 
by across section o,_, which is given by 


Ope =e" In A/(4ae,"(mv’)’) (46) 


where 


A = 12a(ekT/e?)?/7/n!/?, (47) 


and m, e, v, n, T are the mass, charge, velocity, density and temperature of the electrons, 
respectively. The term In A is called the Coloumb logarithm. The collision frequency for 
electron-electron elastic collision will be given, from Eq. (42) as 


Yo_e = NG,_eV- (48) 

In electron-electron collisions, since the masses are equal, the electrons can exchange 
energy very effectively, unlike an electron-neutral collision, where there is a large mass 
difference. Hence, electron-electron collisions will become important even at low degrees 


of ionization. We quantify this in terms of the parameter P, defined by Eq. (28) 
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P = »%_9(¥o)/8¥m (Vo) (49) 


where we evaluate the electron-electron and electron-neutral collision frequencies at a 
velocity Vo given by 


Vo = (2kT/m)'””, (50) 


with T the electron temperature. P is the ratio of the rate of electron energy loss by 
electron-electron collisions to that for electron-neutral collisions. When P > 1, electron- 
electron collisions will become important. Due to the factor 6, this condition will occurs 
for degrees of ionization around 10-4 or 10-3. In ECR discharges, where the degree of 
ionization is above this, electron-electron collisions will dominate, while in planar reac- 
tors, with lower degrees of ionization, electron-neutral collisions will be most important. 
This will have important implications for the electron energy distribution function, as we 
shall see in the next section. 


2.2.4.3 Electron Impact Inelastic Collisions Though the inelastic cross sections are 
often much smaller than the elastic ones, the electron can lose a much larger fraction of 
its energy given by (29) 


(M/(m + M))E. (51) 
Since M >> m, virtually all of the electron energy is available for inelastic processes. 


As a first example, we will consider the inelastic processes that result when an 
electron impacts an atom like He. In the He atom, the electrons occupy certain discrete 
States, as in Fig. 9. 


There are a number of important processes shown here. The first is ionization, 

e + He + He+ + 2e, 
where ions and additional electrons are created. Another process is electronic excitation, 

e + He >» He* +e 
where the electrons in the He atom are promoted to excited states. The lifetime of many 
of the He excited states is very short (typically 100 ns or less), so that excitation is fre- 
quently followed by radiative decay, 

He* + He + hy 

where a photon of frequency v is emitted. Certain states in He have much longer life- 
times. These metastable states, which are shown in Fig. 9, can have lifetimes of 1 ms or 


longer. The metastable states also have considerable energy (e.g., 20 eV for He) and if 
they collide with ground state neutrals, they may cause excitation or ionization. These 
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are the Penning processes, which, for metastable species A* colliding with species B look 
like 


A* + B > A + B* (Penning excitation) 
A* + B > A + B+ (Penning ionization). 


These processes will increase the ionization rates and excitation rates in plasmas, and this 
is one reasons why rare gases like He and Ar are added to process plasma discharges. 


He Atomic Energy Levels 


Figure 9: Atomic energy 
levels for He, showing the 
singlet and triplet series. 
The energy necessary to 
ionize is 24.6 eV, while 
the energy for the first 
electronic excitation is 
20.6 eV. States which are 
forbidden to decay to the 
ground state have long 
lifetimes and are called 
metastable states. 
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The inverse processes, where electrons are lost by recombination can also be impor- 
tant. One example is three body recombination, 


Het + 2e- + He +e, 


where two electrons are necessary to conserve momentum. Another recombination 
process is radiative recombination, 


He* + e- + He + hy, 


where energy and momentum are balanced by emission of a photon after recombination. 
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An important process for electron loss that can occur in a plasma where the neutral 
species has a high electron affinity (such as halogen discharges) is electron capture, shown 
here for fluorine 


F +e- > F-. 


Each process will have a cross section associated with it. In all of these processes, the 
incident electron will lose an amount of energy equal to that required for the inelastic 
process. For the electron loss processes, the entire energy of the electron is lost. 


In rare gas atoms, electron excitation requires an amount of energy which is very close 
to that for ionization, and therefore, the cross sections are quite similar. Owing to this, 
for rare gas plasmas, we can reasonably assume that where light is emitted (radiative 
decay following electron excitation), ionization is probably also occurring. Note that the 
excitation process represents an important energy loss mechanism for the electrons. 


Atoms other than the rare gases will generally have lower lying levels for excitation, 
as will molecules, which have rotational and vibrational states which require much less 
energy than excited electronic states. Electron energy losses will therefore be greater than 
in non-rare gas plasmas. When an electron collides with a molecule (which we will rep- 
resent as AB), a number of processes may occur. Dissociation, such as 


e+AB+A+Br+e 


can result in the formation of chemically reactive radicals. Another important process is 
dissociative ionization, 


e+ AB > At +B + 2e, 
where ions and radicals may be formed. The dissociation products of molecules may react 
to form additional species. The chemically active species may also undergo surface re- 
actions, as in etching or deposition. 
Some electron loss processes associated with molecules are associative recombination 
e + At( +B) + A(B) 
and dissociative attachment 
e + A(B) > A- (+B). 
2.2.4.4 Ion Collision Processes There are a few ion impact processes which are 
crucial to the discharge. The first is secondary electron emission from a surface bom- 
barded by an energetic ion. This process is usually characterized by a coefficient y which 
is the ratio of the number of electrons emitted for each incident ion. Typically 
1/10 > y > 1/20. 


Another important ion process is that of charge transfer: 


At +B > A + B+ 
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where A and B can be the same species. This process is an important loss mechanism for 
energetic ions in the sheath region of discharges. 


2.2.5 Diffusion and Particle Losses 


At the pressures typical of deposition and etching (10-4 — 10-'Torr) , the loss of 
charged particles by the volume processes discussed in Sect. 2.2.4 are relatively small. 
The dominant charged particle loss mechanism is diffusion and convection to the reactor 
boundaries (walls or electrodes), where recombination will occur rapidly on the solid 
surfaces. In Sect. 2.3.1, we will introduce the concept of mobility, and will consider how 
electrons move convectively due to an electric field. In this section, we will consider dif- 
fusion, which can be described by the equation of conservation of particles, 


én/at+ V eT =S, (52) 


where n is the particle density, S is the net volume production rate, and T is the particle 
flux given by Fick’s Law 


T = = Dvn, (53) 


with D the diffusion coefficient. The choice for the diffusion coefficient is depends on a 
number of things. At low enough densities, the diffusion coefficient is given by (30) 


D = (v’/3), (54) 


where v is the particle velocity and v is the collision frequency for momentum transfer. 
This means that electrons would tend to diffuse much faster than ions. However, as the 
electron and ion densities become greater, electric fields will arise because of this disparity 
in diffusion rates, and this will tend to equalize the rates. This latter type of diffusion is 
called ambipolar, and in the extreme limit, which occurs for electron densities 
above 10%cm-3 , both electrons and ions diffuse at two times the slower ion rate (31-33). 


2.2.6 Sheaths 

2.2.6.1 Non-conducting or Isolated Surfaces We have already examined the effects 
of Debye shielding which occurs inside the plasma volume. We will now explore the 
manifestation of this effect at the plasma edge. At the boundary, electrons and ions will 


diffuse out of the plasma, as noted previously, owing to their thermal energies. From 
simple kinetic theory, the flux j is 


j = (nv/4), (55) 


where, n is the particle density and v the thermal velocity which is given by 


v = (3kT/m)!/? (56) 
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with T the (ion or electron) temperature and m the mass. In the absence of any sheath 
effects, and for electron temperatures equal to or greater than the ion temperature, the 
electron velocity will be much greater than the ion velocity. 


Let’s consider what happens near a non-conducting wall (or an isolated conducting 
wall). The electron flux to the wall will be higher initially, owing to their greater thermal 
velocities. However, this will cause the plasma to become more positive, since there is 
an excess of positive ions left behind. An electric field will develop which will retard the 
electrons and accelerate the ions, in such a way to make the net current zero. The 
magnitude of the potential which the plasma acquires is about (3kT,/e), where T, is the 
electron temperature. As we might guess, this potential falls off from the wall into the 
plasma over a distance of the Debye length Ap (Eq. (13)), as shown in Fig. 10. 
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Figuro 10: Behavior of the plasma potential in the vicinity of a non- conducting or iso- 
lated wall. The characteristic fall-off for the sheath potential is the Debye length (Eq. 


(13)). 


2.2.6.2 Sheath Near a Conducting Electrode. Let us now consider the case of a 
surface across which current flows (e.g., the cathode in a de glow). The form of the po- 
tential in this region can be found from Poisson’s equation. We will assume that the po- 
tential on the electrode is negative and large, which will have the effect of attracting ions 
and repelling electrons. We will take the electron density in the sheath region to be zero. 
The current density J is then given by 


J = nev, (57) 


where n is the ion density, e is the electronic charge, and v is the ion velocity. The po- 
tential V(x) obeys 


(d°v/dx’) = ~ ne/e,. (58) 


The ion velocity is related to the potential V by conservation of energy 
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mv’/2 = eV. (59) 


From these two equations, we have 


(d°V/dx") = (1/e,)(m/2e)!/7(1/v)!?. (60) 


Multiplying this equation by (dV/dx) and integrating, 


(dV/dx)? = (4/e,)(m/2e)'/*¢1/v) 2. (61) 


Taking the square root of both sides and integrating, 


I(x) = (4e,/9)(2e/m)!/?(v7/?/x?), (62) 


which is the Child-Langmuir Law for space charge-limited current flow. The resulting 
sheath thickness will be many times the Debye length. 


In addition to this "free fall" sort of sheath, in which we assumed that the ions did not 
make any Collisions, it is also possible to have a mobility-limited sheath, where the ion 
velocity is determined by its mobility (34). 


2.3 ELECTRON HEATING AND ENERGY DISTRIBUTION 


The discharges of interest here are sustained by some de or ac power source which 
establishes an electric field in the plasma. As we shall see, plasma electrons will gain en- 
ergy from being accelerated in the electric field. In steady state, a balance is established 
between the energy which the electrons gain from the electric fieid and the energy which 
they lose through collisional and other loss processes described above. The energetic 
electrons are responsible for most of the ionization, which produces additional electrons 
and ions to sustain the discharge against the various loss processes. There is clearly a very 
complicated interplay among the many processes which work to establish the energy 
balance and particle balance which is necessary for maintaining a discharge. In this sec- 
tion, we will examine how the electrons are "heated" by the external power source and 
how the electron energy distribution function is established. 


2.3.1 Interaction of Eloctrons with a Static Electric Fiold 
An electric field will accelerate all charged particles, however, the electrons with their 
smaller mass will be accelerated more (35), and we will now consider the result. From 


Eqs. (10) and (18), when an electron is subjected to an electric field E , it experiences a 
force given by 


F= -c&, (63) 
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and an acceleration 


a = —cE/m. (64) 


We will assume that electron-neutral collisions dominate, as is the case for planar or barrel 
reactors. Let us consider the effect of elastic collisions, assuming, as an example, that 
electrons are moving in Ar at a pressure of 30 mTorr (N = 1x10%cm~-3). Then, since the 
average elastic collision cross section is about 1x10-5cm?, we note that from Eq. (41) the 
mean free path A is about 1 cm. If the angle between the electron velocity and the electric 
field is 6, then the electron will gain an average amount of energy 


eEA cos 0, (65) 
between collisions. 


The electron will loose only a relatively small amount of energy during each elastic 
collision. If W is the electron energy, then the amount lost, AW, is from Eqs. (43) and 
(44) 


AW = (2m/M)W, (66) 


which for Ar (M=40 AMU) is 


AW = 2x107*W. (67) 


Although little energy is exchanged in this elastic collision, it does have a profound effect 
on the electron velocity, i.e., there is a large momentum change. The electron velocity will 
be redirected after the elastic collision, as shown schematically in Fig. 11. Thus, the 
elastic collisions effectively transforms the directed energy which the electrons acquire 
from the electric field into random energy. This begins to establish the electron energy 
distribution function, and the electrons "heat up." 


Eventually a steady state is reached where the energy gained by the electrons between 
collisions is equal to the energy lost during the collision. Since the energy lost is a small 
fraction of the total energy, the electrons will heat up to a sufficiently high energy to es- 
tablish this balance. This means that the random velocity will be much greater than the 
directed velocity which the electron gains from acceleration in the electric field. 


We can examine this more quantitatively by writing Newton’s second law including 
the effect of collisions. The electrons will attain an average directed velocity,or drift ve- 
locity, u, due to the electric field. Collisions will cause the electrons to lose their directed 
momentum, p, at the rate given by vm , where vn is the collision frequency for momentum 
loss. Though all types of electron collisions will contribute to the momentum loss, it is 
usually the elastic collisions that dominate, so we will take rm = vyn. Newton's second law 
is then 
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(d/dt)(mu) = —eE — muy. (68) 


In Eq. (68) we are ignoring the random thermal motion. However, writing the equation 
is justified because the average random velocity is zero. Equation (68) is called the 
Langevin equation (36). E 


$———____—— 
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Figure 11: Elastic collisions between electrons and Ar transform the directed energy 
which the electrons gain from acceleration in the electric field to random thermal energy, 
thus causing heating of the electrons. There is very little energy transfer in an electron- 
neutral elastic collision, owing to the large mass difference between the electron and 
neutral; however, the electron will have its momentum randomized by the collision. 


In steady state, the solution to Eq. (68) is 
u = pE (69) 
where p is the electron mobility defined as 
u = e/ (mwy). (70) 


From Egs. (69) and (70), we can see that the drift velocity is proportional to the quantity 
(E/N). This ratio of the electric field to the neutral density (or pressure) will arise in 
many of the formula we will derive here. 


The current density J due to the directed motion of the electrons is given by 


J = —enu, (71) 


where e is the electron charge and n is the electron density. From Eq. (69) we can write 


J = of, (72) 
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where ø is the electrical conductivity given by 


o = ne?/ (mwy). (73) 


We will now consider the energy balance. The rate at which the external power 
source puts energy into the electrons is 


Pi = JE = o£°. (74) 


The rate at which energy is lost due to collisions is 


Pou = n Wry + n9 Wiry (75) 
i 


where the first term is the energy loss rate due to elastic collisions and the second term is 
the sum over all inelastic processes, with energy loss W; and collision frequency v; To 
simplify the present discussion, we will assume that the elastic loss term dominates. In 
steady state, P,,, = Pow, so that from Eqs. (74) and (75), we get 


néWry = cE” = ne’E’/ (my). (76) 


Solving Eq. (76) for W we get 


W =e E*/(émyy’). (77) 
As an example, let us consider He at 0.5 torr pressure in a typical electric field of 1 V/cm 
(100 V/m). Then Eq. (77) would predict an electron energy of approximately 5 eV. The 
energy lost per collision (6W) is 0.00125 eV, which, in steady state, is just equal to the 
energy which an electron gains from the electric field between collisions. Since such a 
small fraction of the electron’s energy is lost in a collision, the electrons must heat up to 


5 eV to provide the energy balance. The small energy transfer results in negligible heating 
of the neutrals, which therefore usually remain at room temperature (37). 


From Eqs. (77) and (42) we can write vy as 
vy = No, Vv. (78) 
Then, if we take v to be the average thermal velocity, we have 


W = mv*/2, (79) 


and from Eqs. (42), (78) and (79) we can write 
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W = (e/ox(28)'/*)(E/N). (80) 


This shows that electron energy depends linearly on the quantity (E/N). From Eqs. 
(69-70) and (77-79) we can derive the ratio of the drift velocity u to the average thermal 
velocity v, 


u/v = (8/2)'”7. (81) 


For Ar, this ratio is 3.5x10-3. Thus, the drift velocity is a small fraction of the average 
thermal velocity which the electrons attain by virtue of the collisions, which transform the 
directed energy the electron gains from the electric field to thermal energy. 


The inclusion of inelastic processes will modify the energy balance because, in those 
processes, an electron can lose a large fraction of its energy. This will result in a lower 
electron energy than that predicted by Eq. (77). It will also result in a larger ratio of u/v. 
However, the cross sections for inelastic processes are usually smaller than for elastic 
processes, so that the electrons will still be hotter than the neutrals. 


Thus far we have considered only the steady state. If we were to solve the time de- 
pendent equation, we would find that, to achieve steady state, an electron would have to 
undergo approximately 6-1 collisions (38). In a dc electric field, the electron would have 
to move a distance d in the field given by 


d = u/(5r) = eE/(mér’). (82) 
Using the previous example of He at 0.5 torr, we find that the drift distance is 5 cm. 

In what we have derived above, we have not invoked the existence of a plasma. The 
derivations would be entirely appropriate for a beam of electrons going through a neutral 
gas. One important aspect of a plasma is Debye shielding. Which raises the question of 
how do we actually get an electric field into a plasma? In fact, we cannot introduce just 


any arbitrary value of the electric field into a plasma. The limiting criterion is that the 
potential across a Debye sphere must be less than the thermal energy: 


eEàp < W. (83) 
Now from Eq. (80), we can write W as 


W = eBA/(28)!/* (84) 


Where J is the collision mean free path, 


à = (No)! (85) 
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Therefore, our criterion Eq. (83) is just 


Ap < A/(28)'7?. (86) 


Taking Ar at 30 mTorr as an example, we find that the right hand side is 200cm. This is 
clearly much larger than the Debye length, so we are well within the limits of our criterion. 


2.3.2 Interaction of Electrons with a Time Dependent Electric Field and Mag- 
netic Field 


We will now consider the particle motion that results from using an ac power source 
at frequency w, with no magnetic field present. Itis convenient to write the electric field 
as a complex quantity (18) 


E = E exp(jet), (87) 


where j = V—1 , and E, is the amplitude of the field which is independent of time. Since 
the electric field changes direction, the resulting motion of the particles will be oscillatory, 
as will be the particle drift velocity. We can solve the Langevin equation Eq. (68) to 
derive a mobility and conductivity given by 


u = e/m(r + jo), (88) 
and 

a = ne?/mỌ + jw). (89) 
Let us now examine the power input to the electrons in this case. It will be given by 

Pin = Re(JE), (90) 


where Re denotes the real part of the complex quantity. From Eqs. (72), (87) and (89) 
we get 


Pin = ne’Eg / (mvr), (91) 


where v.r is an "effective" collision frequency given by 


vat = VC + (w/r)?). (92) 


Let us examine some special cases. If w = 0, we recover the dc case. If there were no 
collisions (i.e., vy = 0), we find from Eqs. (89) and (90) that P,„ averages to zero. The 
reason for this is that the drift velocity and electric field would be 90° out of phase, and 
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thus no power could be transferred. As in the dc field case, the collisions transform the 
directed energy that the electrons gain from the oscillating electric field to the random 
energy that represents electron heating. 


If w > >», then the mobility and conductivity are similar to the dc case with n re- 
placed by w*/». The power input would therefore decrease with increasing frequency. 


Although it is not obvious from our derivations here, a more detailed calculation 
would reveal the fact that the maximum power input occurs when w = r (33). This can 
be seen qualitatively by the following argument. If the ac power frequency is much lower 
than the collision frequency, then the particles make numerous collisions during each ac 
cycle which prevents the particles from reaching the maximum energy during the ac os- 
cillations. On the other hand, if w > > », then the particles undergo many oscillations 
between collisions, but this does not increase their energy. When w = », the electrons 
make approximately one collision for every cycle of the ac power, and that represents the 
optimum for transforming energy from the electric field to the electron energy distrib- 
ution. 


We noted in Sect. 2.2.2 that if the frequency of an ac electric field were above the 
plasma frequency, it would not be shielded, because the plasma electrons are incapable 
of responding on such a fast time scale. If w is below w, , we would like to know how far 
the field would penetrate into the plasma. We will consider a number of cases. 


For a typical planar reactor with an electron density of 101° cm~? , the plasma fre- 
quency is around 1 GHz. Most commercial planar equipment utilize 13.56 MHz power, 
which seems to contradict the discussion above. This is easily resolved by noting that in 
a planar reactor, we are not really launching rf radiation, because the wavelength of the 
13.56 MHz source is over 20 m, which is much larger than the reactor. We are in what 
is called the near zone (18). In this sense, the plasma will respond much as it would to a 
dc field, and the criterion noted in the last section apply. 


If we wanted to use an oscillating electric field with a wavelength short compared to 
the plasma size, then the associated field would be attenuated if its frequency were below 
the plasma frequency. In particular, if this radiation were such that the electric field it 
produced in the plasma pointed in the direction of propagation, then it would be atten- 
uated in a Debye length. 


If, on the other hand, we introduced radiation where the electric field was perpendic- 
ular to the direction of propagation, the wave would penetrate a distance 6, called a skin 
depth, given by 


8, = c/w (93) 


Notice this is like the Debye length, except that the speed of light replaces the average 
thermal velocity of the electrons. Thus, the "fast" electromagnetic wave can penetrate 
deeper by a factor of typically 1000 times the Debye length. For a process plasma with 
a typical Ap of 0.01cm, the radiation may penetrate to a distance of about 10 cm. 
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Radiation at frequencies higher than the plasma frequency will be phase shifted by the 
plasma, with the amount of phase shift depending on w, . Since wp depends on density, 
the phase shift can be used to deduce the plasma electron density (39). 


2.3.3 Interaction of Electrons with a Time Dependent Electric Field in the Pres- 
ence of a Static Magnetic Field 


A quantitative discussion of this case, which is beyond the scope of this chapter, can 
be found in the references (40). We will consider this problem heuristically, utilizing a 
number of our previous derivations. We know from Sect. 2.2.3 that in a magnetic field, 
the particles undergo a natural circular motion in a plane perpendicular to the magnetic 
field (we can neglect motion along the field for this discussion). The angular frequency 
of this electron cyclotron motion is from Eq. (24) 


w. = eB/m, (94) 


and is independent of the particle energy. If we introduce an electric field of frequency 
w which is resonant with w,, then we will be able to accelerate electrons synchronously. 
As the electron’s perpendicular energy increases, the gyro radius will increase, but the 
cyclotron frequency will remain constant, and therefore the particles will remain in phase 
with the applied field. As in all the previous cases, if we want to heat the electrons, we 
will need collisions to transform this directed energy to random thermal energy. However, 
one big difference here is that the electron energy is increasing with each ac cycle, so that 
there is no need to have the collision frequency equal to the applied frequency. This fa- 
cilitates operation at lower pressures. 


Let us look more closely at the resonance condition, and assume that there is some 
difference Aw given by 


Aw = w — wo (95) 


Then, after a time given by approximately (Aw)-', the applied electric field will start to 
get out of phase with the electron’s natural cyclotron motion and begin to slow it down. 
If, however, the electron were to undergo a collision within this time, then the directed 
energy gained from the oscillating electric field will be transferred to the electron’s ther- 
mal distribution. Thus, the criterion for optimum power coupling is 


y= Aw. (96) 


In practice, there will be a number of effects that can cause a deviation between the 
electron cyclotron and the applied frequencies, including things like magnetic inhomoge- 
neities. 


If the collision frequency becomes of the order of w, or larger, then the electrons will 
not be able to undergo the complete cyclotron orbit. In this case, from arguments analo- 
gous to those given above, the collisions will broaden the cyclotron resonance by an 
amount given in Eqs.(95) and (96). If the resonance is sufficiently broad, then there is 
little advantage to having a magnetic field at all. 
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As noted previously, the presence of a magnetic field will give rise to additional 
oscillatory modes in addition to that discussed in Sect. 2.2.2. One consequence of this is 
that radiation which is below the electron cyclotron frequency can propagate in a plasma, 
regardless of its relationship to the plasma frequency. This means that in an electron 
cyclotron reactor, the incident radiation can propagate through regions of higher magnetic 
field to reach an interior resonance region. 


2.3.4 The Electron Energy Distribution Function 


In Sec. 2.1.1, we defined the electron energy distribution function, f(e) , which is 
proportional to the number of electrons having an energy between s and e + de. In par- 
ticular, we looked at the Maxwellian, or equilibrium form for f. The electron energy dis- 
tribution function is a very important quantity, because the rates k; of all electron-induced 
processes, such as ionization and dissociation, will depend on it through the expression 


k = fotode (97) 
where 9; is the cross section for the particular process and v is the electron velocity. 


The electron energy distribution function f will be determined by the energy input to 
the electrons via the electric field and the energy lost through elastic and inelastic proc- 
esses, through the Boltzmann Equation (41). The solution of the Boltzmann equation is 
beyond the scope of this chapter; however, we will consider a few special cases. 


For a dc electric field where the electron kinetics are dominated by elastic collisions 
between electrons and neutrals and the collision frequency is independent of electron 
velocity (i.e., s~v-!), the solution to the Boltzmann equation is a Maxwellian. If, how- 
ever, the collision frequency is linear in v (i.e., o= constant), then the result is the 
Druyvesteyn distribution, which has a form like 


f(e) = Ae!/” exp( —Be’), (98) 


where A and B are constants. This distribution falls off faster with energy than does a 
Maxwellian, and arises because the collision frequency is greater for higher energy 
electrons. 


The inclusion of inelastic processes will drastically alter the form of f. ‘In particular, 
above the thresholds for the various inelastic processes, f will usually decrease rapidly. 
Many examples can be found in the literature (42). 


In cases where electron-electron collisions are important, f(e) will tend towards a 
Maxwellian (43). As noted before, due to the fact that electrons can exchange energy 
much more efficiently than will electrons and neutrals, electron-electron collisions can 
become dominant at even relatively low ionization fractions. The quantity P, defined in 
Eq. (49), gives a more quantitative measure. The distribution will become Maxwellian for 
P > 5. Such conditions are commonly met in an electron cyclotron resonance reactor. 
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2.4 BREAKDOWN 


In this section we will consider the breakdown processes that precede the formation 
of dc and rf glow discharges. 


2.4.1 DC Breakdown 


We will examine dc breakdown by considering, as an example, Ar at 30 mTorr in a 
system, shown in Fig. 12, comprising two electrodes connected to a dc power supply with 
voltage V,, through a ballast resistor R. 


Cathode Anode 


V 


ps 


Figure 12: Schematic of an Ar discharge prior to breakdown. The resistance of the Ar 
is much greater than that of the ballast resistor R, so the entire voltage is dropped across 
the discharge tube. 


Initially, the resistance of the neutral gas will be much greater than that of R, so the 
voltage across the discharge V = V,,. Let us assume that there is one free electron, 
formed perhaps by a cosmic ray or some UV photon, near the cathode. The electric field 
will accelerate the electron towards the anode. Let a be the probability per unit length 
that ionization will occur. The quantity a is called Townsend’s first ionization coefficient, 
and represents the net ionization probability, including losses. As a result of the acceler- 
ation by the electric field, the electron will gain energy (see Sect. 2.3.1) and produce 
ionization. This will lead to a multiplication of the number of electrons as shown in Fig. 
13. 
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Figure 13: Behavior of the discharge at breakdown. An electron is created by 
photodesorption at the cathode. The electron is accelerated by the electric field and 
causes ionization, creating ions and additional electrons. 


The current at the anode arising from an electron current I, emitted from the cathode 
is given by 


Ka = k exp(ad). (99) 


The electric field will also accelerate ions, and when ions strike the cathode, electrons will 
be emitted by ion impact secondary electron emission with a probability y. The total 
number of ions created by the first electron multiplication is I,( exp(ad) —1). This will 
give rise to yI,( exp(ad) —1) secondary electrons, which will also be accelerated by the 
electric field and cause more ionization and consequently more ions. If we add up this 
sequence of successive generation of secondary electrons giving rise to more ions giving 
rise to more secondaries, etc., we find that the total current arriving at the anode is 


I(d) = I, exp(ad)/[1 — y( exp(ad) — 1)] (100) 
If exp(ad) > > 1, we can write Eq. (100) as 


I(d) = I, exp(ad)/[1 — y exp(ad)]. (101) 


When 
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1 — y exp(ad) = 0 (102) 


the current I(d) tends to increase rapidly, a condition referred to as breakdown. Let us 
look a little more closely at the form of the breakdown condition. The ionization prob- 
ability per unit length a will be proportional to the number of collisions per unit length, 
multiplied by the probability that the collision will cause ionization. Thus we can write a 
as (43) 


a = (1/A) exp( ~V,/eEA), (103) 


where A is the collision mean free path, and eEA is just the energy gained by the electron 
between collisions. V; is an effective ionization potential, i.e., it takes into account the 
effect of losses. The exponential term thus expresses the probability that the electron will 
cause ionization. Now, from Eq. (41), the mean free path will be inversely proportional 
to the neutral density or pressure P as 


\=A,/P, (104) 


where A, is a constant. Then from Eqs. (102-104) we find that the breakdown electric 
field Eg is given by 


E, = AP/(C + In(Pd)) (105) 


where A and C are constants which depend on the gas. We can therefore write an ex- 
pression for the breakdown voltage Va = E,/d as 


Vp = A(Pd)/(C + In(Pd)). (106) 


For large Pd, the breakdown voltage will be proportional to Pd. This is equivalent to the 
breakdown condition being a constant value of E,/P for a given gas, and is consistent 
with E/P being a measure of the average energy gain of an electron between collisions 
(see Eq. 80). For this case electrons make many collisions, and therefore the breakdown 
condition is equivalent to a constant value of the energy gained by an electron between 
collisions. This means that the electric field must scale linearly with the pressure, or Vz 
is linear in Pd. At very small values of Pd, there are very few collisions, and therefore, 
Vx , the breakdown voltage rises to increase the probability of breakdown per collision. 
A graph of the breakdown condition for Ar is shown in Fig. 14. The minimum breakdown 
voltage is called the Paschen minimum. 


One important application of the breakdown formalism is the design of ground shields 
(also called dark space shields) for the discharge electrodes. These shields are intended 
to prevent the formation of a plasma at the edges and behind the electrodes. For a dc 
discharge, they must be placed within a distance d, such that the maximum discharge 
voltage Vy satisfies the condition (44) 
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Vu < Vp(Pd,) (107) 


where Vy is the breakdown voltage for the particular gas used in the discharge evaluated 
at the product of pressure and distance using the shield-electrode spacing. Similar results 
apply to ground shields for rf discharges, although the complexity of the particle oscil- 
lation in the rf field must be considered. 


1600 
Ar 
1200 
= 
800 
m 
> Paschen 
Minimum 
400 
0 
0 1.0 10 100 


Pd (torr-cm) 


Figure 14: Plot of the minimum breakdown voltage for Ar as a function of the product 
of the Ar pressure and spacing of the electrodes. 


2.4.2 RF Breakdown 


Breakdown in an rf field is actually somewhat simpler than that for dc, if most of the 
electrons are able to undergo their oscillatory motion without colliding with a wall. In this 
case, the alternating electric field can heat the electrons sufficiently to produce the re- 
quired amount of ionization, and it is not necessary to invoke secondary electron emission 
processes. What is required is that the rate of ionization balance the losses due to dif- 
fusion to the walls, volume recombination, electron attachment, etc. We will consider the 
case which is typical of the process plasmas of interest, where diffusion losses dominate. 


As we saw in Sect. 2.2.5.2, the oscillating electric field will put directed energy into 
the electrons, which will then heat up by undergoing collisions with neutrals. The 
electrons will cause ionization which must balance the diffusive losses. We assume for 
simplicity that the diffusion coefficient and ionization rate are independent of position. 
From Eq. (52) we can write the steady state diffusion equation as 


vn = (,/D)/n, (108) 
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where v; is the ionization rate. Taking n = 0 at the boundary of the plasma region, the 
solutions require that (53) 


v,/D = 1/A°, (109) 


where the constant A depends on the geometry of the plasma. If the discharge is cylin- 
drical with the radius of the cylinder Rp much larger than the length hp (a typical planar 
configuration), then 


A =hg/a (110) 


If the cylinder is long and has a small radius then 


A = Rp/2.405. (11) 


The ionization rate and D will depend on the parameter (E/N). Then Eq. (109) in con- 
junction with Eq. (110) or (111) will determine the breakdown condition on (E/N) as a 
function of the product of NA. 


2.5 GLOW DISCHARGES 


Prior to breakdown, we started with a homogenous neutral gas with a constant electric 
field and a linear voltage drop. Following breakdown, a discharge forms, and rearranges 
itself into characteristic regions to provide optimally for particle generation and energy 
input to balance losses. For a dc discharge, just at breakdown, the current will increase 
with little increase in the voltage. This is called the Townsend discharge (46) and pre- 
cedes the avalanche that signifies "full" breakdown. The first "state" after breakdown 
is a glow discharge. Initially, the glow will not completely cover the cathode surface. It 
operates at near constant voltage in this regime (called the normal discharge), with the 
current increasing as the cathode coverage increases. Eventually, the glow expands to fill 
the cathode surface, and subsequently, further increases in power result in increases in 
both voltage and current. This is called the abnormal glow. The salient characteristics of 
a glow discharge is that electrons are created by ionization and secondary electron gen- 
eration from ion impact of surfaces. If the power is increased further, the cathode will 
begin to heat. Eventually, thermionic emission will occur, and become the dominant 
electron creation process. At this point the discharge voltage will decrease and the glow 
has evolved into an arc. 


In the following sections, we will consider the main characteristics of dc and rf glow 
discharges. In particular, we will look at those features which pertain to our application 
of glow discharges to the deposition and etching of thin films. 


2.5.1 DC Glow Discharge 


It is convenient (and traditional) (47) to picture the glow discharge as comprising a 
number of distinct regions. Of course, this is an artificial construct; in reality the discharge 
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is a continuous entity. We can, however, associate particular processes and functionality 
with the various regions, and in this sense, the picture of the glow discharge presented 
here is useful. We will also consider some recent numerical modeling of the dc glow in this 
section, the results of which largely substantiate the simplified view presented here. Fig. 
15 shows the de glow schematically. We will now consider each region. 
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Figure 15: Classical picture of the architecture of a dc glow discharge. After breakdown, 
the discharge arranges itself into characteristic regions to provide for particle and energy 
input. Most of the potential is dropped across the cathode sheath region, which contains 
ions but very few electrons. There are approximately equal ions and electrons in the 
negative glow, Faraday dark space and positive column. 


2.5.1.1 The Cathode Region. A narrow luminous layer is often observed adjacent to 
the cathode. The light emitted from this region is thought to be due to excitation of the 
neutral gas and surface bombardment by ions. Beyond this luminous region is the cathode 
(or Crookes) dark space, which extends to the next luminous region, the negative glow. 


Whereas originally the voltage was dropped uniformly across the entire discharge 
tube, in the glow phase, almost the entire voltage appears across the cathode dark space. 
This voltage will accelerate ions from the negative glow region to the cathode where they 
will cause secondary electron emission with a probability of approximately 0.1 to 0.05. 
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The secondary electrons will be accelerated back through the cathode region by the po- 
tential and enter the negative glow. 


Owing to the large electric field that exists in the cathode dark space region, the 
electron density is small, and the ion current is determined by space charge-limited flow 
or mobility-limited flow as described in Sect. 2.2.6. Assuming that we have a free fall 
condition (i.e., the ions do not suffer collisions in the sheath), we can use Eq. (62) to 
write the Child-Langmuir expression for the ion current density at the cathode, j, 


je = (4e,/9)(2e/M) (2/7 /x.”), (112) 


where V, and x, are the potential drop across the cathode sheath and the sheath width 
respectively. 


2.5.1.2 Secondary Electron Generation. Ion bombardment of the cathode will cause 
secondary electron generation. The secondary electron yield, which is the ratio of sec- 
ondary electrons emitted per incident ion will depend upon the material and the ion en- 
ergy. It will also depends critically on the condition of the surface, including both the 
crystal orientation and the degree of surface contamination. Some materials can have 
secondary electron coefficients which exceed unity. The energy of the secondary 
electrons is generally quite low, typically peaking around 2 - 5 eV (56). 


2.5.1.3 Ionization in the Cathode Sheath. One of the greatest debates in the area of 
low-temperature plasma behavior is whether there is signification ionization in the cath- 
ode sheath. Much of the older literature has assumed that virtually all of the ionization 
needed to supply the ions which are accelerated to the cathode (and therefore lost at the 
cathode) occurs in the sheath (49). One observation that supports this position is that the 
product of the dark space thickness and the neutral pressure are constant for a given 
supply voltage. This behavior of Pd = constant is reminiscent of the condition for 
breakdown that we discussed earlier. On the other hand, for species like Ar, excitation 
will accompany ionization, since the energy threshold for the first excited state is similar 
to that for ionization (11.5eV and 15.6 eV respectively). Thus, if there is no emission, 
there will be little or no ionization. This point of view is consistent with that of Chapman, 
who uses simple calculation of ionization rates to conclude that ionization in the sheath 
cannot account for the observed electron density (50). 


This apparent conflict may be resolved by the numerical modeling of the dc glow 
performed by Graves and Jensen (51). They developed a continuum model which they 
applied to a dc Ar discharge at 500 mTorr. While the identification of their results does 
not exactly follow the schematic description of the dc glow given above, they do show a 
sheath region of high electric field and a bulk region which seems to be identified with the 
negative glow region (see next section). The ionization does occur in the sheath region; 
however, upon close inspection, the high electric field extends beyond the sheath region 
into the negative glow, as does the ionization source. From their results, it would appear 
that ionization does occur in the sheath and in the region of the sheath-glow interface. 
In general, in a de discharge sufficient ionization must occur due to the secondary 
electrons to sustain the plasma. 
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2.5.1.4 Ion Charge Exchange in the Cathode Sheath. Ions which are being accelerated 
through the sheath will, in general, undergo charge exchange collisions with the neutral 
species. This will alter their energy distribution at the cathode, since an ion produced by 
charge exchange somewhere in the sheath will not receive the full acceleration of the 
sheath drop. This problem has been studied both theoretically and experimentally by 
Davis and Vanderslice (52). They put an energy analyzer behind a small hole in the 
cathode to determine the energy distribution of ions arriving at the cathode. They as- 
sumed that all ions originated near the start of the sheath and that no ionization occurred 
in the sheath. The dominant process considered was symmetric charge exchange, given 
by 


Art + Ar > Ar + Art. (113) 


They assumed that the electric field was linear in the sheath. For a mean free path much 
shorter than the sheath thickness, Eq. (113) can be written as 


(V./N,)(dN/dV) = (1/2A,,) exp( —LV/(2A,,V,)); (114) 


where V, is the cathode voltage, dN is the number of ions arriving with an energy between 
V and V+dV, L is the dark space thickness, and A,, is the charge exchange mean free 
path, given by 


Aw = (No), (115) 


with o., the charge exchange cross section. Their experimental measurements were in 
reasonable agreement with the above expressions. 


2.5.1.5 The Anode Sheath. Before considering the negative glow and positive column 
regions of the discharge, let us consider the anode sheath region (see Fig. 16). The anode 
sheath is, more or less, a Debye sheath. That means that there will be a voltage drop of 
typically 3kT,/e (see Sect. 2.2.6). For a typical discharge with T, = 3-4 eV, the plasma 
will be at a potential of about 9-12 V above the anode. Since there is a current flowing 
through the plasma, which for the dc case must be constant everywhere, then there must 
be a net electron current at the anode equal to the ion current at the cathode. We note, 
however, that there will also be an ion current at the anode, given the fact that the dis- 
charge is at +10V with respect to the anode. From the numerical calculations (51), the 
ion current is about 10% of the electron current at the anode. In any case, the energy 
of the ions bombarding the anode is sufficiently low as to not cause secondary emission. 
Some of the secondary electrons created at the cathode and accelerated by the cathode 
sheath may pass through the discharge and strike the anode with enough energy to emit 
additional secondary electrons. This can be an important process at low pressures. 


2.5.1.6 The Negative Glow Region. The luminous negative glow is a plasma region 
characterized by nearly equal electron and ion densities, typically in the range of 
10° — 10"cm-?. Electron temperature measurements within the glow show typical values 
of 2 - 10 eV, although there is considerable question whether there is any semblance of 
a Maxwellian distribution in this region. Also, there is considerable non-uniformity of the 
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temperatures and densities in the axial direction. Since this region is a plasma, the electric 
field is small. The sources of energy input to the glow include the energetic secondary 
electrons emitted from the cathode and accelerated across the sheath, and direct acceler- 
ation of the electrons in the glow by the electric field. 


The strong electric field in the cathode region is responsible for energy input to the 
negative glow, both through acceleration of secondary electrons, and by acceleration of 
glow electrons near the glow edge. Thus, the magnitude of this field will be determined 
self-consistently by the plasma’s requirements for ionization to sustain itself. 


As we saw in Sect. 2.2.3, a magnetic field nominally parallel to the cathode, as found 
in a magnetron configuration, will cause the electrons to undergo gryo orbits, providing 
the collision frequency is below the cyclotron frequency. As a consequence, the electrons 
will spend more time in the vicinity of the cathode and their ionization efficiency will be 
increased. This will result in a decrease in the sheath field and potential, and will also 
produce a higher density discharge. 


The continuum model for the dc glow (51) displays a negative glow region adjacent 
to the sheath and extending to the anode. The calculated temperature for this region is 
about 0.7 eV, which is considerably less than is typically measured. 


The negative glow region, along with the cathode and associated dark space comprise 
a self-sustaining discharge configuration as shown in Fig. 16. The sheath field will ac- 
celerate ions formed in the negative glow. These ions will cause secondary electrons to 
be emitted at the cathode. The secondary electrons will be accelerated across the sheath 
and represent the main energy input to the plasma. A discharge will operate with the 
anode at the negative glow, in which case it is call an obstructed glow. 


2.5.1.7 Beyond the Negative Glow. Although a de glow discharge may end with the 
negative glow, in general it does not. Beyond the negative glow is another dark space, 
called the Faraday dark space, followed by the positive column and the anode sheath, 
which we have already discussed. Although the positive column is not typically found in 
processing plasma discharges, we will now consider briefly the so-called Faraday dark 
space and the positive column. 


Regardless of whether the energetic secondary electrons formed at the cathode and 
accelerated through the (Crooke-Hittorf) dark space directly cause ionization or whether 
they transfer their energy to the electrons in the negative glow which then cause ionization 
(or whether it is a combination of both types of processes), it is clear that the energetic 
electrons represent the main source of energy input to the glow. The extent of the nega- 
tive glow is determined by the range over which the energetic electrons lose their energy. 
This determines the location of the cathode end of the Faraday dark space. There is, 
however, a small electric field in the plasma regions of the discharge, and this electric field 
will increase the temperature of the electrons by acceleration and subsequent scattering, 
as in the Langevin model discussed in Sect. 2.5.1. We noted there that it will take a cer- 
tain distance before the electrons reach their equilibrium energy as a result of the electric 
field acceleration. Where the electrons have not yet equilibrated, we would expect no 
light. As the electron distribution gains energy, the inelastic processes will come into play. 
In order to determine the distance over which the electrons will equilibrate, let us return 
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to the Langevin model for a moment to recall that the distance for electrons to equilibrate 
with an electric field d is given by Eq. (82) 


d = u/(ôv). (116) 


where ô is the energy transfer fraction (2m/M) and v is the collision frequency. We can 
rewrite (116) as 


d = A/28 2, (117) 


where A is the collision mean free path. This says that the distance for the electrons to 
come into equilibrium with an electric field is equal to the collisional mean free path 
multiplied by (M/4m)!/2 . Let us consider as an example, Ar at a pressure of 50 mTorr 
(N = 1,.8x104cem-3) . The collision cross section is about 4x10~-cm?, so that A= 0.1 cm 
and d = 14cm. 


Secondaries 


Cathode Cathode sheath Negative glow 


Figure 16: Schematic of the discharge behavior in the cathode sheath - negative glow 
regions. Ions from the negative glow fall through the cathode sheath causing secondary 
electron emission. The secondaries are accelerated back through the sheath and comprise 
the main energy input to the negative glow which supports the ionization process, both 
through direct ionization and through ionization by the high energy tail of the electron 
distribution. These regions comprise a self-sustaining combination. 


Thus the electrons would have to drift 14 cm in the electric field to come into equi- 
librium. Until they have drifted that far, the electron energy will be below that necessary 
to excite inelastic processes, such as excitation. Since this distance is longer than the 
negative glow, there is another dark space, namely the Faraday dark space. As noted 
previously, this distance is not necessarily equal to the thickness of the Faraday dark 
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space, because we might expect that Ar emission would occur even before the electrons 
have fully equilibrated. 

2.5.1.8 The Positive Column. In the positive column, the electrons have equilibrated 
with the electric field. The local electric field accelerates the electrons and represents the 
main energy input source. The main losses are diffusion to the walls and radiation from 
line emission. In electro-negative discharges, electron attachment may be an additional 
important loss mechanism. Since many plasma processes involve halide-containing gases, 
this is an important consideration. We will not consider this in the present case, however. 

We will examine the positive column using the diffusion equations developed in Sect. 
2.2.5. We will assume that a steady state is reached in which ionization in the positive 


column is balanced by diffusion of particles to the wall. If we write the source term for 
ionization in Eq. (52) as 


S = ny, (118) 


where n is the electron density and »; is the ionization rate, then the steady state form of 
Eq. (52) can be written as 


Vn = — (v,/D)n (119) 


where we have used Eq. (53) and assumed that D is independent of position. We will 
assume that the length of the positive column is much greater than its radius Rp . The 
solution (53) of Eq. (119) can be written in terms of a diffusion length A where 


N= D/y,;. (120) 


To satisfy the boundary conditions that n= 0 at Rp (recombination at the surface), we 
require that 


A = Rp/2.405 (121) 
From Eq. (120), we get that 

vı = D(2.405/Rp)”. (122) 
Then, from Sect. 2.2.4, we can write 

» = Nov = N A(T,), (123) 
where A(T,) is a function of the electron temperature, and from Sect. 2.2.5, 


D = CT,/N, (124) 
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where C is a constant, and we have used the form of the ambipolar diffusion coefficient. 
Then, from the last three equations we get that 


T,./A(T,) = (NRp)*/(2.405)°C, (125) 


From Eq. (125) we see that the electron temperature is determined by the square of the 
product of the neutral density and the radius of the discharge. 


The positive column and other features beyond the negative glow do not usually play 
an important role in plasma processing (although they are very important for discharges 
used as light sources). One reason for studying the positive column here is that the gen- 
eral behavior is similar to what occurs in as rf powered discharge, as we shall see in the 
next section. 


2.5.1.9 Summary of the de Glow Discharge To recapitulate, the dc discharge com- 
prises, firstly, a self consistent combination of a cathode surface, cathode dark space re- 
gion, with associated large electric field, and the negative glow region. Ions, formed in the 
dark space and negative glow regions are accelerated by the cathode electric field into the 
cathode surface, where they cause secondary electron emission and sputtering. The sec- 
ondary electrons are accelerated back across the dark space and cause ionization, either 
directly or by transferring their energy to electrons in the plasma. Other types of dis- 
charges, such as the hollow cathode discharge, (see Chap. 12) rely on the formation of 
secondary electrons, which are accelerated by sheath voltages and are the primary source 
of ionization which sustains the discharge. 


Additionally, a dc glow discharge may have another dark space beyond the negative 
glow and a positive column. In these regions, electrons are heated by the local electric 
field, which results in a balance between ionization and losses of charged particles. The 
plasma in the positive column follows the Langevin model. The positive column may be 
arbitrarily long (54), or absent entirely, and serves to connect the anode electrically to the 
remainder of the discharge. 


2.5.2 RF Glow 


In a de glow discharge, most of the input power is used to accelerate the ions through 
the sheath, and appears as heat when the ions strike the cathode. If the secondary electron 
coefficient were 0.1, then, to a good approximation, only 10% of the power will end up 
in the negative glow from the secondary electrons which are accelerated in the sheath. 
In this sense, the dc glow is a rather inefficient plasma generator, though for processes 
which depend on ion bombardment, such as sputtering, this is not a problem. 


An even more serious limitation of a de glow discharge is the necessity of conducting 
net current to sustain the discharge. This requirement generally precludes the use of in- 
sulating materials in sputtering targets, substrates, or deposited films, because the 
insulators would prevent dc current conduction. If the insulators did not cover the entire 
electrode surface, it may be possible to sustain a dc discharge, but the insulators will build 
up a charge, making processes difficult to control. 
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The use of an ac power source can alleviate both these shortcomings of the de glow 
discharge. Let us start by considering a very low frequency ac power source, with a period 
which is long compared to the time it takes for the plasma particles to come to equilibrium 
with the electric field. We will further assume that there are no insulators present. In this 
case, the ac discharge will be very similar to the dc discharge, except that the current will 
reverse every half cycle. A sheath will form at the electrode which is negative during the 
particular half cycle of the ac power, and ions will be accelerated across this sheath. The 
ions, which are able to cross the sheath in a short time compared to the ac period, will gain 
an amount of energy roughly equal to the instantaneous ac voltage. Thus, the ions striking 
the electrodes will have a distribution of energies, which will extend to approximately the 
peak ac voltage. 


If we now consider what happens if we have an insulating electrode, we would find 
that current would flow until the insulator charged up and terminates the discharge. On 
the next half cycle, however, the insulator would discharge, and current would flow in the 
opposite direction until the insulator charged up again. The insulator behaves like a 
capacitor that is charged in alternate directions by the plasma. If the ac frequency is in- 
creased to the point where the charging time is much longer than the ac period, current 
will flow in the plasma for the entire ac cycle. A frequency of about 50 - 100 kHz is usu- 
ally sufficient to achieve this condition. In this case, also, we would find that sheaths 
would form and ions would be accelerated by the instantaneous field, and arrive at the 
electrodes with a distribution of energies up to approximately the peak ac voltage. 


As the frequency of the ac source is increased, new phenomena begin to appear. The 
details of the various frequency-dependant effects have been reviewed by Flamm (55), 
and have been reported for a few specific processes (56-58). However, due to the fact 
that most commercial rf plasma equipment is designed to work at the FCC assigned fre- 
quency of 13.56 MHz, the use of different frequencies has not been exploited and remains 
an untapped opportunity for optimizing processes. We will not consider this topic further 
here, but will instead explore the salient features of plasma operation at 13.56 MHz. At 
this frequency, the massive ions have too much inertia to respond to the instantaneous 
electric field in the sheath regions, while the lighter electrons will. Owing to the differ- 
ences in mobilities of the ions and the electrons, however, a time-average bias will arise 
for certain configurations. 


2.5.2.1 Self Bias and Plasma Potential. To see how this comes about, let us consider 
a discharge system with one small electrode connected to an rf power source through a 
coupling capacitor shown in Fig. 17. The characteristic response of the plasma to a volt- 
age V is given by the curve in Fig. 18. Owing to the much greater mobility of the electrons 
compared to the ions, a given positive voltage will result in a much larger electron current 
than the ion current which flows for the same negative voltage. In effect, the plasma be- 
haves like a leaky diode, showing a much larger effective resistance for ion current than 
for electron current. 


Let us now apply a square wave with peak amplitude V, (See Fig. 19). Initially, when 
the applied voltage goes to V,, the potential across the plasma is V,. The capacitor will 
be charged through the effective resistance of the plasma for electron current flow, and 
wili drop as shown in Fig. 20. When the power supply changes sign, the voltage across 
the plasma drops instantaneously by —2V, , after which the voltage decays with the longer 
time constant associated with the higher effective resistance ion current flow. As shown 
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in Fig. 20, this continues until the time average electron and ion currents are equal, a 
condition which results in a time-average negative bias on the electrode (59). Although 
the derivation was presented with a square wave power source, a similar effect holds for 
a sine wave, as in Fig. 21. 


Figure 17: Schematic 
v2 of electrode configura- 
tion for an rf glow dis- 
VI charge. An rf power 
supply is capacitively 
coupled to the 
electrodes. 


electron saturation 


lon saturation 


I 


Figure 18: Electron and ion current as functions of the applied potential. The greater 
mobility of the electrons compared to the ions results in a larger electron current for a 
given positive voltage than the ion current which flows for an equal negative voltage. 
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Figure 19: Output square wave of peak voltage V; which is used for the circuit shown 
in Fig. 17. 


+V1 Fast decay (electron current 
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V2 


Slow decay 
Gon current) 


Figure 20: Behavior of the discharge voltage V2, as the self bias develops to produce 
equal electron and ion currents. On each half cycle, the current decays as the capacitor 
charges from the plasma. On the half cycle where electron current flows, the decay is 
faster, because the plasma has an effectively lower impedance owing to the greater mo- 


bility of the electrons. 
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Applied voltage 


+V1 


Volts 


Voltage on small electrode (self bias) 


Figure 21: Self bias for a sine wave driven system. 


Implicit in this derivation is the fact that the area of the large electrode was sufficient 
to permit all of the necessary currents to flow during each cycle. In other words, the 
limiting impedance for current flow on both half cycles occurs at the small area electrode. 
It is important to note that the features of the rf discharge which resulted in the self bias 
were the presence of the coupling capacitor (which ensures a time-average zero current), 
and the fact that one of the electrodes was much smaller than the other. The driven 
electrode is not necessarily the one where the bias occurs. The location of the capacitor 
is similarly irrelevant in determining the bias. In fact, if the apparatus were symmetric and 
totally decoupled from ground, there would be no self bias. The grounded electrode can 
have a bias if there is a coupling capacitor somewhere in the circuit and the grounded 
electrode is smaller than the driven electrode. 


We noted in Sect. 2.2.6 that the plasma prefers to be more positive that the most 
positive surface. Then, for the case of a large bias, we would expect the plasma potential 
to behave as shown in Fig. 22. Even with the self bias, the small electrode is positive for 
some fraction of a cycle, so the time average plasma potential is usually higher than for 
the dc case. Ions, which cannot respond on the fast rf time scale will bombard the small 
electrode with an energy given by the difference between the time-average plasma po- 
tential and the time-average self bias. 


Although not obvious from our simplified derivation, the magnitude of the bias will 
depend on the neutral pressure (4). As the pressure is increased with constant power into 
the discharge, the bias will decrease. This is due in part to decreases in the rf voltage, be- 
cause the plasma impedance decreases as the neutral density increases. Another way of 
looking at this phenomenon is that at high densities, the discharge does not require as high 
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a sheath field to sustain itself, because it is able to put energy directly into the glow 
electrons as we will discuss below. 


+V1 


Plasma potential 


Volts 


Voltage on small electrode (self bias) 


Figure 22: Time variation of the plasma potential shown with the self bias voltage on the 
small electrode. In the absence of collisions in the sheath, the ion energy at the small 
electrode will be the difference between the average potential and average self bias. 


The asymmetric rf discharge configuration, which results in high bias, is the chosen 
configuration for reactive ion etching (60), where ion bombardment produces anisotropic 
etching. The highest bombardment energies are obtained as the pressure is lowered. Since 
excessive ion energy can result in damage to a wafer, however, some reactive ion etch 
processes are operated at higher pressures (200-300 mTorr), to reduce the ion energy 
both through a lower bias and collisions in the sheath. The latter effect, however, tends 
to destroy the directionality of the bombarding ions, which reduces their utility for 
anisotropic etching. 


For the case of a symmetric discharge (equal area electrodes), where there is no self 
bias, the plasma potential appears as in Fig. 23. Here we see that the time average bias 
will be much greater than for the de case, and, even though there is no bias, there will be 
energetic ion bombardment which will occur at both electrodes. An example of the near- 
symmetric etch reactor is the Reinberg etch reactor (5). In this apparatus, energetic ion 
bombardment occurs primarily due to the large plasma potential. An excellent summary 
of the self bias and plasma potential behavior has been given by Kohler, et al (61). 
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Figure 23: Plasma potential and self bias voltage for a symmetric discharge configura- 
tion. There is no self bias in this case, but the plasma potential is higher than for the 
asymmetric case. Energetic ion bombardment will occur at both electrodes. In the ab- 
sence of collisions in the sheath, the ion energy at the small electrode will be the difference 
between the average potential and average self bias. 


The sheaths in an rf discharge have large rf displacement currents flowing through 
them, but rather small conduction currents. The sheaths will behave like capacitors with 
some leakage current. The main part of the rf glow will be resistive, much as the negative 
glow and positive column in a dc discharge. Based on this picture, Koenig and Maissei 
(59) evolved an equivalent circuit of an rf discharge which provides a simple and quite 
useful model of the discharge. 


One application of this model is the calculation of the self bias voltage division. The 


self bias voltage will divide between the two electrodes inversely proportional to the 
capacitance of the sheath regions 


(V,/V,) = (C,/C,), (126) 


where a and b denote the two electrodes. The capacitance of the sheath regions is roughly 
given by: 


C = e, A/D, (127) 


where A is the area of the sheath and D, is the sheath thickness. There are two effects 
which make this expression difficult to use in practice: (1) the effective area of the sheath 
will depend on (unavoidable) stray coupling from the electrode to other surfaces, and (2) 
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D, will depend in a complicated way on the discharge parameters. Koenig and Maissel 
attempt to relate D, to the voltage by requiring that the Child-Langmuir space charge- 
limited currents at each electrode be equal: 


V/D; = V/D (128) 


Using this expression in conjunction with the capacitive voltage division leads to the 
conclusion that the bias divides between the electrodes inversely proportional to the 
fourth power of the ratio of the electrode areas. The caveats noted above, however, 
conspire to render this simplistic derivation much less than adequate. More sophisticated 
models have been presented by Horwitz (62) and Kohler et al (61). 


2.5.2.2 Discharge Characteristics Owing to the self bias, there will be energetic ion 
bombardment of the smaller electrode, with attendant secondary electron emission. (In 
addition, there will also be some bombardment of the larger electrode.) In this respect, 
an rf discharge can be similar to the dc discharge: there will be a cathode sheath and a 
quasi-negative glow which is energized by the accelerated secondaries. There are differ- 
ences, however. Although the ions are typically going slowly enough that they will re- 
spond only to the time average potential, the electrons will generally cross the sheath 
region in a fraction of the rf period. This can give rise to time dependent phenomena. In 
particular the edge of the sheath will generally oscillate. Some researchers believe that 
this mechanism can put energy directly into the electrons by a "surf riding" effect (63). 


One characteristic which distinguishes the rf discharge from the dc discharge is that, 
because the rf field is changing direction in time, it can put energy into the electron energy 
distribution function more readily than the dc field. In the dc case, as we saw, an electron 
had to drift a considerable distance in the field to come into equilibrium with it. This is 
the reason that the positive column is separated from the negative glow. In the rf case, 
however, the electrons will not experience a net drift, since the field is changing direction. 
They will equilibrate after a characteristic time. Owing to this, the rf discharge is more 
efficient than the dc discharge. In a sense, the negative glow and positive column regions 
overlap. 


2.5.2.3 RF Discharge Modeling Recently, the rf discharge has been studied numer- 
ically by a number of groups using the continuum model (57,64-66). The results of the 
models are consistent with the qualitative description given above on the three energy 
input mechanisms for an rf discharge. For electro-negative discharges, where electrons 
may not be the dominant negative charge, the discharge characteristics are very different 
from that predicted by the self bias picture above. The case of SF, discharge has been 
modeled and compared to experimental results by Gogolides, Nicolai and Sawin (67). 


While the continuum models are very powerful, the underlying assumption is that the 
electron mean free path is short compared to the sheath size. It is questionable whether 
this assumption is valid below 50-100 mTorr, where many of the current etch processes 
operates. Low pressure discharges have been modelled using a Monte Carlo approach 
(63). In this calculation, an rf electric field profile was assumed, including an oscillating 
sheath boundary. While the results are not self-consistent, they do show clearly the in- 
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creasing importance of the "surf-riding" acceleration mechanism as the pressure is low- 
ered. 


2.5.2.4 Summary of the rf Glow Discharge The rf glow discharge embodies many of 
the same qualitative features of the dc glow discharge, with the formation of sheaths in 
which strong electric fields will accelerate ions and electrons. At low frequencies, where 
ions can follow the changing electric fields, the discharge will behave similarly to the dc 
case. As the frequency increases, the ions will no longer be abie to follow the instantane- 
ous electric field, but will instead respond to the time averaged fields. Here, for discharge 
configurations with unequal electrode areas and where the electrons are the dominant 
negative charge carriers, a self-bias will arise which will produce a time-average negative 
voltage on the smaller electrode. Ions will be accelerated by the difference between the 
time-average plasma potential and the time-average bias. In general, the energy of the 
bombarding ions in an rf discharge will increase as the driving frequency is decreased 
and/or the neutral pressure is decreased. 


Energy input to the rf discharge occurs through three mechanisms. Energetic ions 
striking the electrode will cause the formation of secondary electrons. These electrons can 
be accelerated through the sheath and cause ionization as in the sheath and negative glow 
regions of the dc discharge. The oscillating electric fields in the glow can input energy di- 
rectly into the electrons, much in the same way as the positive column of the dc discharge. 
Finally, the oscillating sheath electric field will accelerate electrons in the glow. This 
"surf-riding" mechanism has no direct analog in the dc discharge. 


Several enhancement schemes for the rf discharge are possible. The addition of a 
magnetic field nominally parallel to the electrode surface will result in confinement of the 
electrons as described in Sects. 2.1.4 and 2.2.3. Such schemes are used for magnetically 
enhanced reactive ion etching (8). Their principle advantage is that the presence of the 
magnetic field increases the electron ionization efficiency. This results in a lowering of the 
sheath potential and concomitant lowering of the bombarding ion energy, with no degra- 
dation of plasma performance. 


It is also possible to use microwave power, typically at 2.45 GHz, to operate a dis- 
charge. In these schemes, the power can be coupled in radiatively, obviating the need for 
electrodes as described in Sect 2.1.4. One very important such configuration is the 
electron cyclotron resonance reactor (12), which includes a magnetic field and microwave 
at a frequency which is matched to the cyclotron frequency of the electrons as described 
in Sect 2.3.3. 
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Fundamentals of Sputtering and Reflection 


David N. Ruzic 


3.1 INTRODUCTION 


Sputtering and reflection of ions and neutral atoms from solid surfaces are closely re- 
lated complex phenomenon. The behavior of the surface and the incident projectile de- 
pend greatly on the relative masses and energies of the atoms involved, the structure of 
the solid, and other factors. A model or semi-empirical expression that fits one behavioral 
regime such as linear-cascade response may be quite inappropriate for another response 
region. This chapter looks closest not at the linear-cascade, where theoretical and empir- 
ical models are well developed, but at the non-isotropic-cascade in-need-of-surface- 
corrections response, where both data and modeling effects are sparse. It is this 
low-energy surface regime that is of most interest to the plasma-processing community. 


3.1.1 Sputtering Regimes 


When an atom or ion Strikes a solid surface the collective response of the atoms in the 
target can be grouped into five distinct categories. Which phenomena dominates depends 
on the mass and atomic number, Z; , of the incident projectile; the mass and atomic 
number, Z, , of the target; and the incident energy, E. Figure 1 (1) shows these regions 
mapped onto two cuts through the Zi, Z,, E space. Though the boundaries are drawn as 
sharp lines, the types of collective surface behavior gradually meld into one another in 
reality. There is not a 50% chance of either phenomenon at one of the boundaries--- 
instead the surface behavior incorporates features of both types of interactions. 


The response that is typically described is not shaded in Fig. 1. It primarily occurs at 
intermediate energies (5 to 100 keV). A cascade of recoil atoms is produced along the 
path of the incident ion. The number of recoil atoms produced at any point depends lin- 
early on the amount of energy lost by the incident ion at that point. At these intermediate 
energies, energy loss is due to electron drag from the free electrons in the solid, and 
screened Coulomb interactions from the nuclei. Analytic expressions for the energy loss 
exist, so the density and energy of the recoil cascade can be calculated. Assuming that the 
energy lost to the recoil atoms is isotropic, transport theory can be used to determine the 
number of recoil atoms that will reach the surface, overcome the potential barrier of the 
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work function and become sputtered atoms. The energy distribution and angular distrib- 
utions of these sputtered atoms can also be determined. The sputtering yields and dis- 
tributions that result fit the known data well. This transport theory approach forms the 
basis for most of the analytic sputtering yield, angular distribution and energy distribution 
expressions in the literature (1-5). 
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Figure 1: The five collective responses of a target with atomic number Z, being struck 


by an atom or ion of atomic number Z; and energy E. Two cuts through (Z,, Z;, E) space 
are shown. 


If the ion energy is high (greater than about 50 keV) and the incident ion is heavier 
than the target atoms an entire block of atoms located along the initial path of the 
projectile can be set into a violent motion. This is known as the spike regime and trans- 
port theory breaks down because of non-linear effects: the next target atom for the inci- 
dent projectile may well be an atom that is in motion due to the collision. 


At very large energies (greater than 1000 keV) for any projectile-target pair, and at 
somewhat lower energies when the projectile is lighter than the target, inelastic energy 
loss channels must be considered. For example, energy could be lost by the ionization 
of inner core electrons in the solid. Transport theory can still be used, but a more com- 
plicated energy loss expression is needed. 


Going to lower energies than the most-understood cascade region (ion energy is less 
than 5 keV, certainly less than 1 keV) the energy lost to the recoil atoms in the cascade 
is not isotropic. The first target atom struck by the projectile will absorb most of the lost 
energy and respond in an individual manner. It becomes the primary knock-on and may 
in turn generate additional knock-on atoms. In this regime transport theory and the ana- 
lytic sputtering expressions based upon that theory cannot be used. However, empirical 
fits (5) to the known experimental data have been made for H and He ions. 


At even lower energies (hundreds of eVs), or when the projectile mass is much less 
than the target, the cascade is not only anisotropic, but corrections due to the surface 
topology must be included. The atomic-scale roughness on the surface must be consid- 
ered since the range of the particle may only be a few A. 
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The sputtering interactions that are of importance to the plasma-processing commu- 
nity primarily fall in this last low-energy non-isotropic-cascade in-need-of-surface- 
correction regime. Bombardment energies are kept fairly low in plasma processing to 
minimize damage and contamination of the wafers: if the difference between the plasma 
potential and the bias potential of the sputtering target is too high, ions will be accelerated 
to such great energies that cluster emission and high energy reflections (which can then 
cause damage to the substrate) are likely to result. Therefore most sputtering systems are 
run such that the incident ions are less than one thousand eV. In an etching system the 
sheath drop, and thus the energy of the incident ions, is also kept low to avoid the damage 
and indiscriminate physical sputtering that could result. However, even at these lower 
energies some damage to the surface is inevitable and the surface of both sputtering tar- 
gets and etched substrates is not atomically smooth. 


Due to the relative inefficiency of the sputtering process in terms of energy, most 
sputtering targets or cathodes must be actively cooled. In some cases, such as magnetron 
sputtering, the limiting factor to high power, high rate operation is the ability to cool the 
cathode. The most energy-efficient range for sputtering is in the 300-800 eV ion energy 
range. This can be found by differentiating the sputter yield-as-a-function of energy (see 
Figs. 9, 10 below). There are other practical reasons for keeping the energy low as well, 
related to operator safety, vacuum feedthroughs, shielding, high-power supply stability 
and cost. 


Since most of the phenomena of interest occur on atomically rough surfaces at low 
energies (less than 1000 eV), this regime will be examined in detail. In this regime 
Monte-Carlo computer simulations form the basis for analytic treatment and physical 
understanding. They are discussed in the next section along with new techniques to model 
surface roughness (6). Section 3.3 contains a review of the experimental sputtering data 
for H* and Art on Si, Al, Cu, Ni and C. Section 3.4 points out the numerous effects that 
can further influence sputtering yields such as substrate temperature, single crystal chan- 
neling, chemical reactions, preferential sputtering of alloys, cluster formation, fluence 
dependence and topology evolution. A brief discussion of review articles is also included. 


3.2 MODELING 


3.2.1 TRIM 


The entire non-isotropic-cascade or primary-knock-on regimes of sputtering is well 
suited to a Monte-Carlo binary collision approach. In the TRansport of Ions in Matter 
(TRIM) program (7,8) the target is considered to be amorphous or polycrystalline. Inci- 
dent projectiles are followed until a collision occurs. The location of a collision is deter- 
mined by a random variation of the particles mean-free-path for a nuclear stopping result. 
Electron energy loss is subtracted for the particles entire path length inside the surface. 
A random impact parameter and azimuthal scattering angle are chosen and the energy and 
momentum transfer are calculated classically. This allows the new velocity (speed and 
direction) and location of both the incident projectile and primary knock-on atom to be 
determined. They are then treated in the same manner as the incident projectile and 
create a new generation of knock-on atoms. 
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Both the original projectile and all of the atoms it collides with are followed by the 
program. Often the primary knock-on will create an entire cascade of its own. Atoms 
are followed until their energy falls below the energy needed to escape from the lattice. 


When either the initial projectile or a recoil atom reaches the surface, the 
perpendicular-energy of the particle is compared to the surface binding energy of the 
target. If the particle can escape, its energy is reduced by the surface binding energy and 
its emission angle is refracted. If the energy is not great enough to escape, the particle is 
specularly reflected into the bulk and the process continues. 


On the way into the target TRIM does not consider the surface to be atomically flat. 
Effectively, the initial starting position of the projectile is randomly distributed over a 
measure of its perpendicular mean free path. This surface model is quite important at low 
energies and has allowed TRIM to predict experimental results at normal incidence with 
a high degree of accuracy. At higher angles of incidence a more accurate surface model 
is needed. 


3.2.2 Fractals 


Real surfaces of amorphous and polycrystalline material are not flat or smoothly 
varying; they are approximate fractals (9,10). Figure 2 (10) shows a log-log plot of the 
radius of adsorbed gas atoms vs the number of those atoms it takes to completely cover 
an Al,O, surface. If the alumina were perfectly flat the slope of the line would be -2.00, 
since area is proportional to radius squared. ALO; is not perfectly flat, however. In fact 
its surface is quite convoluted. It takes many more small gas atoms to cover all the surface 
sites than large gas atoms because the small atoms can fit into all the nooks and crannies 
that the large adsorbate simply plasters over. Surprisingly the points on the curve fall on 
a straight line. That means that the roughness is self-similar; the surface looks the same 
independent of the magnification with which it is viewed. The slope of the line and the 
fractal dimension of the surface is 2.79 + 0.03. 
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Of course, any real object can only be fractal to some finite magnification. Ultimately 
the atomic diameter is reached. At the other extreme, the macroscopic character of the 
material is realized. Fractal geometry becomes a useful construct for sputtering and re- 
flection calculation because the mean free path for collisions within the target and the 
ultimate range of the projectiles fall within the range over which the targets surface is 
fractal. The alumina described in Fig. 2 is fractal at least over the range of 4 A to 210 
A. Many materials have been shown to have fractal surfaces over the range of interest 
(11). For instance carbon black has a fractal dimension of 2.25 + 0.09 and Vulcan 3G 
graphite has a fractal dimension of 2.07 + 0.01. 


3.2.3 Fractal TRIM 


The self-similar properties of fractal geometry have been utilized to add a more real- 
istic surface model to the TRIM computer code (6,12). Basically the Fractal TRIM code 
calculates the distance to the first surface and the distance through the fractal in the 
scattering plane. If the random selection of the next path step would predict the next 
collision to occur beyond the first surface but still within the surface feature, the simu- 
lation is restarted using the particle’s energy and incident angle on entering that surface 
feature. Since fractal self-similarity implies an equivalence of angular orientation as well 
as magnification, a three dimensional surface structure does not have to be carried 
through the simulation. Since a cut through an object with fractal dimension D produces 
a new object with dimension D - 1.00, only the individual scattering plane is modeled and 
the simulation becomes tractable. 


Figure 3 shows the pronounced effect of surface roughness on sputtering yields. The 
sputtering yield of target material for 100 eV C on C is shown as a function of fractal 
dimension for a variety of incident angles. Also shown on this figure is the effect of the 
surface modet in the planar TRIM code. Planar TRIM with no surface model gives ex- 
actly the same results as Fractal TRIM with D = 2.00. An effective approximate fractal 
dimension can be calculated for Planar TRIM which varies with incident angle of the 
projectile (12). These surface-corrected planar TRIM results are also shown in Fig. 3. 
Note that Fig. 3 does not give the self sputtering yield for C on C; reflection must be in- 
cluded. It does show the general dependance for the sputtering of many materials at low 
energy. 


A striking result from Fig. 3 is that a small amount of surface roughness can lead to 
a large change in the sputtering yield. Yet, as surface roughness is increased the sputter- 
ing yield drops off for high angles of incidence. This effect can be explained by the 
schematic drawing in Fig. 4. In Fig. 4(a) a projectile is incident on a perfectly flat surface. 
The primary knock-on atom will be struck in a downward direction. Since at low energies 
the first collision is likely to have the highest chance of producing a sputtering event, 
sputtering is unlikely for a planar surface. This is especially true for normally incident 
projectiles. 


A small amount of roughness (Fig. 4 (b)), allows some primary knock-ons to have a 
directed energy out of the plane. Thus the sputtering yield increases. Higher angles of 
incidence promote this effect even more. However, if the surface becomes too rough the 
sputtered atoms may collide with other surface features (Fig. 4 (c)) and the sputtering 
yield decreases. 
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Figure 3: Sputtering yield of target material as a function of fractal dimension and angle 

of incidence for 100 eV C incident on a C target. Normal incidence is 0 degrees. Statis- 

tical errors in the yield are generally less than 5%. 
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Figure 4: (a) On a flat surface the primary knock-on is always directed downward. (b) 
With some roughness, a primary knock-on could be directed out of the surface, this effect 
increases as angle of incidence increases. (c) For a very rough surface, sputtered atoms 
may be recaptured by other surface features. 


At higher energies, these detailed surface effects become less important, but a realistic 
model of the surface remains essential to accurately portray grazing incidence events. 
Figure 5 shows the sputtering yield for 300 eV H on C as a function of fractal dimension 
for normal and 60 degree incident angles. Planar TRIM (13) overestimates the sputtering 
yield at 60 degrees by a factor of two compared to experiments (14). The slight variation 
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with fractal dimension can also explain why different types of graphite targets gave dif- 
ferent experimental results. 
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Figure 5: Sputtering yield as a function of fractal dimension for 300 eV H on C at normal 
and 60 degree incidence. Experimental points (14) are shown for a smooth and rough 
graphite. The fractal dimensions assigned are based on Avnir (11) and are only approxi- 
mate. Planar TRIM overestimates the sputtering yield by a factor of 2-3 for the 60 degree 
case. Statistical errors in the yield for the simulation are less than 5%. 


3.2.4 Reflection 


Sputtering is only one of the phenomena that can occur when an ion strikes a surface. 
At these low energies simple reflection is often more likely. When ions reflect they almost 
invariably reflect as neutral atoms in their ground states (15,16). An excellent review of 
reflection data and computer simulations through 1984 can be found in (3). Surface 
roughness has a profound effect on the reflection of low-energy particles, especially at 
high angles of incidence (6). 


Reflection from fractal surfaces shows a complimentary effect to that of sputtering. 
Figure 6 shows the number R, and energy reflection R, coefficients for 50 eV H incident 
on Ni as a function of fractal dimension for normal and 75 degree incident angles (6). 
Note how the reflection coefficients drop precipitously for the grazing incident case as 
soon as some surface roughness is added. This effect is not unusual to anyone who has 
tried to skip a rock on a choppy lake. 
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Figure 6: Number R, and Energy R, reflection coefficients for 50 eV H on Ni for normal 
(a = 0°) and grazing (æ = 75°) incidence as a function of the fractal dimension of the 
Ni surface. Statistical error in the coefficients are generally less than 5 %. Note the 
dramatic drop in reflection at grazing incidence when a small amount of surface roughness 
is added. 


At higher energies, above 100 eV, the reflection curves for normal incidence mimic 
the shape of the sputtering yield (Y) curves. Figure 7 shows R, and Y as a function of 
fractal dimension for 200 eV Ar on Cu. The number reflected and sputter yield jump with 
a small amount of roughness, reach a maximum and then decrease. When a projectile is 
incident normally and has a moderate amount of energy it is very unlikely to reflect in one 
collision. Therefore if the projectile is to escape at all, its geometrical interactions with 
the surface are very similar to the interactions produced in the collision cascade. There- 
fore reflection and sputtering have a similar behavior as a function of roughness. 


3.2.5 Molecular Dynamics 


At the lowest energies, the binary collision model should break down. While the 
physics is quite different, Fig. 8 shows that, for at least one case, a full blown molecular 
dynamics treatment (17) utilizing a rough fractal-like surface (18) gives nearly the same 
result as Fractal TRIM. Molecular dynamics codes treat all the interactions of the atoms 
in the target on an equal basis. At each time step, the forces on all of the atoms in the 
simulation are simultaneously computed. The extreme computer resources demanded by 
such routines make them unsuitable for most sputtering and reflection calculations, but 
they make tremendous learning tools for obtaining a physical feel for low-energy inter- 
actions. 
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This physical feel is best comprehended visually. We have created a movie (19) of a 
molecular-dynamics simulation of a 10 eV hydrogen atom interacting with a rough Ni 
surface. To produce the same sense of the interaction through the written word requires 
some degree of imagination: 


Imagine yourself as a hydrogen ion speeding toward a nickel surface. You are moving 
at 450 angstroms per picosecond (10 eV) and the gentle tug of the protruding electron 
cloud whose effect is known as the work function is accelerating your progress. A 
mountain range is coming into view---the surface is not a single crystal, there are hills and 
valleys below. If you could stop and look closely you’d see a surface alive with random 
motion. The surface is at room temperature. The mountain peaks almost seem to be 
swaying in the breeze. Their restoring forces are less and those atoms make larger dis- 
placements before being pulled back. The peaks may travel a whole tenth of an 
Angstrom. 
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Figure 7: Sputtering yield and reflection as a function of fractal dimension for 200 eV 
Ar normally incident on Cu. Statistical errors for the sputtering yield and reflection co- 
efficients are generally less than 5% and 10% respectively. 


A look at the overall topology reminds you of a fractal. If you were twice as close 
everything would look the same. Of course there is a limit to this self-similar geography- 
--the diameter of a nickel atom is 2.1 A! The material is basically in a FCC structure with 
a lattice constant of 3.52 A. So each plane of atoms is about 1.76 A apart. The surface 
roughness is only fractal-like in the range of about 2 to 15 A. In this range the surface 
area is proportional to the length of a side of the unit cell to the 2.3 power, i.e. the fractal 
dimension is 2.3. 


Of course, you can’t really stop. Compared to your motion the thermal motion is 400 
times smaller. You whiz by apparently motionless objects. In this flight you are normally 
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incident to the surface heading almost directly into a valley. The electron cloud reaches 
up and envelopes you when you are a few Angstroms above the highest peak. Now 
you’ve become an atom. When you are still 7 A above the floor of the valley and just 1 
A or so below the mountain tops your presence begins to be felt by the atoms in the 
lattice. The atom directly beneath you and the one closest to your side have their potential 
energy greatly increased and they are accelerated away from you. The reaction force 
gradually gives you a component of velocity away from the mountain side. By the time 
you are even with the floor of the valley you have an angle of 20 degrees with respect to 
the normal. 
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Figure 8: Reflection coefficients for 10, 50 and 100 eV H on Ni as a function of incident 
angle for a fractal Ni surface with dimension 2.30. Planar TRIM results and a molecular 
dynamics calculation using the Embedded Atom Method (EAM) are also shown. Note 
that planar TRIM predicts reflection at grazing incidence to be 2-3 times more likely than 
the fractal TRIM results. Statistical errors in the fractal and planar TRIM reflection co- 
efficients are generally less than 5%. 


The news of your arrival travels faster than you do. The neighbors of the atoms ini- 
tially perturbed have their potentials increased, and a disturbance in the potential of the 
atoms travels out in waves. This potential shock wave extends about 3 or 4 atoms deep 
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in a rough hemisphere pointing in the direction of the initial push. If the surface were at 
absolute zero the disturbance would undoubtedly travel much much further, but the col- 
lective effect quickly becomes indistinguishable from the thermal noise. 


By the time the first potential wave has damped itself out you have moved less than 
an Angstrom. New waves are made as you move closer, but a given atom can generally 
only initiate a wave once. It is not that these initial progenitors disappear. They have 
effectively not moved at all---it is that their acceleration is now constant so their potential 
remains the same: 


ma= dV/dx (1) 


The velocity vectors of the initial surface were pointing in all directions. The atoms 
in the potential wave experience a force that slowly bends those velocity vectors around 
so that they point away from the incident hydrogen atom. However, due to the inertia 
and restoring forces of the lattice, only the nearest atoms completely turn their velocity 
vectors in this grazing type of collision. Even this first layer won’t have turned completely 
until the H atom is long gone from the scene. 


As you pass into the surface the potential wave effect which slowly produces dis- 
placement from your path continues until something dramatic occurs. At about 3 layers 
in you hit an atom head on and go careening off 135 degrees away now traversing parallel 
to the surface about 5 A below the valley floor. In this type of almost binary collision the 
struck atom changes potential dramatically and its velocity vector immediately swings to 
the direction it was pushed. However, the speed only builds up to three or four times 
thermal velocity before its acceleration is slowed by its neighbors. Again the propagation 
extends only 3 or 4 layers, but the effect is more localized. 


On average you make another collision every 4 A or so. Each of these violently 
change your direction but effect your speed very little. Sometimes the collisions are not 
binary. Two or more atoms can seemingly be struck simultaneously, effecting them all 
fairly evenly. In each collision the energy transferred away from you is small. It will take 
30 collisions or so to come to rest. About half the time you will pop back out of the sur- 
face instead. To get out you have to have enough energy to escape that electron cloud, 
i.e. you have to overcome the work function. If you have almost enough energy you will 
be drawn to just an A or so above the surface and travel over the surface like a hover craft 
until you run into some relief. 


So how does sputtering work? Each violent collision or gentle brush leaves a ripple 
of disturbed atoms with somewhat directed velocities and at least at some point in time a 
raised potential energy. These ripples of velocity could overlap since the hydrogen is 
moving much faster than the atoms in the lattice. If the interference happens just right, 
and one wave of disturbance pushed an atom outward toward the surface at the same time 
that another wave pushes the same atom outward, an atom on the surface could have a 
potential great enough the work function. Long (10-! seconds) after the hydrogen atom 
hits, a sputtered nickel atom is released. It happens once for every 50,000 hydrogen at- 
oms that strike at 10 eV at normal incidence or so. 
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3.3 EXPERIMENTAL YIELDS 


The determination of the sputtering yield of a material can be done in many ways (1). 
As with most experiments, a large amount of effort is required for each reproducible data 
point. Without these experiments, however, modelling would be futile. A model should 
not be whole-hearted subscribed to unless it fits at least some of the experimental data. 
In this section most of the experimental data from the era of clean vacuum conditions is 
assembled for some of the cases of interest to the plasma processing community. The 
total sputtering yield (sputtered atoms per incident ion) for H* and Ar* ions incident 
normal to the surface as a function of energy, up to energies of 1000 eV, are shown next. 


Figure 9(a) shows that the yield for H on C decreases with energy, while Fig. 9(b) 
shows the yield for H on Al, Si, and Ni increasing with energy. H on C is a peculiar case 
because of the rampant chemical effects (see Sect. 3.4), though the data in Fig. 9(a) were 
performed on non-heated samples and are believed to represent physical sputtering. 
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Figure 9: Experimental sputtering yield of H+ on (a) C, and on (b) Al, Si, and Ni. 
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Figure 10(a) through (e) show the yield for Ar bombarding C, Al, Si, Ni, and Cu at 
normal incidence. The yield increases with energy. Figure 10(a) shows experimental data 
for two types of carbon (diamond vs turbostratic) to differ markedly in their sputtering 
yield. The difference can easily be explained in terms of surface roughness. The diamond 
surface is likely to have a fractal dimension near 2.00 while the layered turbostatic will 
have some degree of roughness. As seen in Fig. 3, these difference between very flat and 
somewhat rough surfaces can give appreciable differences in sputtering yields. 
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Figure 10: Experimental sputtering yields of Ar+ on (a) C, and (b) Al. In (a) the 
rougher turbostatic carbon has a higher yield than diamond as expected from the model 


results in Fig. 3. 
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Figure 10: continued, (c) Si, (d) Ni and (e) Cu. In (e) the effects of crystal orientation 


are seen at higher energies. 
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In Fig. 10(e) the effect of crystalline structure is apparent (see Sect. 3.4). These ef- 
fects are most pronounced at higher energies (1000eV). At lower energies the long-range 
order of the crystallite does not matter as seen by comparing the (39) data to the spread 
of the other data in Fig 10(e). 


Though normal incident sputtering is often the typical situation for plasma processing, 
substrate masks, non-normal ion beams and some magnetic configurations may introduce 
more glancing incident events. In the cascade region the total sputtering yield as a func- 
tion of incident angle with respect to the normal, 0, is predicted to follow a 1/cos @ de- 
pendence. For Ar ions incident on Al, Ni and Cu at 1050 eV (Fig. 11) and H ions 
incident on Ni and C at 1000 eV (Fig. 12) this prediction is close to the observed values. 
Note however, that as the mass of the target increases, the shift is below the cosine pre- 
diction. As the incident energy is lowered the shift to a "under-cosine” distribution is 
quite pronounced as seen in Fig. 12. Here the total sputtering yield as a function of angle 
for H on C is seen as a function of energy. 
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Figure 11: Experimental sputtering yield normalized to the yield at normal incidence as 
a function of angle for Art on Al, Ni and Cu from Ref. (30) compared to a 1/cosine 
function. 


Both Figs. 11 and 12 show another remarkable feature. At the highest angles of in- 
cidence the sputtering yield drops. This is due to an increased number of reflections of 
the projectile at the grazing incident angles. In the collision with the the first atom 
struck---the primary knock-on---very little energy is transferred since the path of the 
projectile is only deflected by a small amount. At higher energies the rounding-over effect 
is less pronounced since the first collision is less likely to deplete a large fraction of the 
projectile’s energy, and further interactions can take place with higher energy transfer. 
In these cases, many atoms along the projectile’s path are set into motion and cascade 
theory fits well. If the surface is rough, Fractal TRIM tells us to expect an even lower 
sputtering yield at high angle of incidence. This is seen in Fig. 12 when comparing V800 
and EK98 (rough industrial graphites) to highly oriented graphite. The sputtering yield is 
a factor of 2 to 3 times lower as was the prediction in Fig. 5. 
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Figure 12: Normalized to normal incidence, experimental sputtering yields as a function 
of angle and energy for H on Ni and H on C. Results for a variety of graphites are also 
shown. The rougher technical grades of graphite, V800 and ek98, give lower sputtering 
yields as predicted by the fractal mode]. Data for H-Ni from Ref. 42, all other data from 
Ref. 14. NOTE: (a) V800 grade graphite, (b) ek98 grade graphite. 


Linear cascade theory also predicts energy and angular distributions of the sputtered 
flux. For light ions at most energies, and all ions at very low energies, a cascade will not 
develop. Figure 13 shows a measurement (42) of the emission angle of sputtered Ni as a 
function of incident angle for a 1000 ev H ion beam. For lower energies and rougher 
surfaces, simulations (12) show that the angular distribution of sputtered atoms does not 
show the forward peaking seen in Fig. 13 . Instead the emission is almost isotropic. 


The energy of the sputtered atoms can also be predicted, but again at low energies 
some correction is needed (44). Figure 14 shows the energy of the sputtered atoms for 
Ar bombardment of Cu at a variety of energies. 


3.4 EXCEPTIONS 


Of the events that lead to sputtering only physical sputtering has been examined in 
this chapter. For particular pairs of atoms, chemical sputtering (the formation of volatile 
compounds on the target surface) can be very important. For these chemical systems the 
temperature of the substrate is often the yield determining factor (3,45,46). The chemical 
environment can be even more complicated by the presence of other reactive gases such 
as oxygen (47) even in very small quantities. 
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Figure 13: Measured angular distribution of sputtered atoms for 1 keV H on Ni at a 
variety of incident angles (42). 
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Figure 14: Measured energy distributions of sputtered Cu atoms from Ar bombardment 
at normal incidence. The curves have been scaled to all have a maximum at 1.0. 900 eV 
is from ref. 61. The other energies are from ref. 43. 


The addition of the projectiles which become embedded in the lattice can also alter 
the sputtering yields (48,49). This fluence effect is due to two factors. The composition 
of the target is being changed and the surface topology has been altered. In fact, at high 
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fluence the original surface completely erodes away. Some studies have been carried out 
on the topography evolution (50-52) due to ion fluence, and more work utilizing fractal 
geometry is planned by the author. 


It is because of this erosion and deposition in the first few atomic layers that chan- 
neling by single crystal targets is not a significant effect in this low-energy, surface- 
dominated regime (53). An excellent Monte-Carlo code, MARLOWE (54), exists to 
calculate the effects of a single crystal environment, but its greatest utility is simulation 
of much higher energy sputtering and reflection phenomena. 


The changing surface morphology does not just occur due to the addition of some of 
the incident beam ions. When alloys are sputtered, one of the components is likely to 
have a higher sputtering yield than the others (55,56). Not only will the yields differ but 
the angular emission of species can also change (57-59). Sometimes entire clusters of 
atoms can be knocked loose (60). All considered, sputtering remains one of the most 
complicated and intriguing branches of particle-surface interactions. 


In this chapter I have tried to focus on the types of sputtering phenomena that are of 
most interest to the plasma processing community. In this low-energy regime surface 
corrections play a major role, yet with their inclusion modelling can be fairly accurate in 
determining yields, energy and angular information. Several excellent reviews 
(1,3,4,61,62) of the larger picture of sputtering exist which contain many analytic and 
empirical formulas along with a wide variety of experimental data and modelling results. 
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Bombardment-Induced Compositional 
Change With Alloys, Oxides, Oxysalts, 
and Halides 


Roger Kelly 


4.1 INTRODUCTION 


4.1.1 The Early Situation 


Bombardment-induced compositional change with alloys, oxides, oxysalts, and halides 
has been the subject of both experimental and theoretical study for the past two decades. 
Concerning theoretical work, it is worth pointing out that the emphasis has changed to a 
remarkable extent as the experimental base has grown. Work written before 1980 tended 
to emphasize preferential sputtering as triggered by differences of mass, chemical binding, 
or volatility. Mass and chemical binding were envisaged as governing collisional sputter- 
ing, volatility as governing thermal sputtering. 


Mass is now regarded to be an important factor in preferential sputtering, thence in 
compositional change, only under near-threshold conditions, as when Ta205 is bom- 
barded with 1 keV H* or He* and loses O (whereas it is largely unchanged with 1 keV 
Ar and Xe) (Fig. 1)(1), and in isotope sputtering, as when lighter isotopes are lost pref- 
erentially with Li, Ti, Ga, and Mo (2). With alloys the role claimed for mass other than 
near the threshold or with isotopes (3) was subsequently shown (4) to be largely irrel- 
evant: this was not because the theory (3) was wrong but because bombardment-induced 
Gibbsian segregation (4) had been neglected and the latter can cause either a light or 
heavy species to be lost. (A simplified restatement of the argument of (3) about the role 
of mass is given in (5).) Whether or not mass plays a role with oxides and halides is less 
easily settled. For example, MoO, is reduced mainly to Mo", as expected 
thermodynamically, but the reduction products of WO, include w° (Table 8, to follow): 
is this an effect of mass? Also, Malherbe et al. (6) advocate a more general role for mass 
with oxides, equivalent to that of Ref. 3. We will in general not discuss mass except for a 
brief reference in Sect. 4.4.4.1. A review in the context of near-threshold effects is given 
elsewhere (7). 
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Figure 1: Steady-state composition ratio, Ta/O in arbitrary units, for Ta,O, as a function 
of the ratio of the energy transfer factors, yYO/YTa» for bombardment with various 1 keV 
ions at 6, = 30°. As usual, y is given by 4M,M,/(M,+M,)?, "1" refers to the incident 
particle, and "2" refers to the target. Compositions were obtained with AES. Due to 
Taglauer (1). 


Chemical binding, reflected explicitly in the surface binding energy and ideally pro- 
portional to AH", the heat of atomization (8), was at one time the most popular frame- 
work for explaining preferential sputtering, thence compositional change, with alloys. It 
had the advantage, one lacked by the mass argument, that it gave a nearly perfect corre- 
lation: e.g. Au is known to be lost from near the surface of Au-Pd (Figs. 2 (9) and 3) and, 
at the same time, although it is heavier, it has a slightly lower 
AH?*: AHS, = 3.82eV, AHbq = 3.90 eV. It is easily shown, however, that chemical 
binding as manifested in the surface binding energy should, at least with alloys, normally 
lead to significantly smaller composition changes than are observed, for example the ev- 
olution of Aug 59Pdo 59 to Aug 4ggPdo 592 (Sects. 4.2.3 and 4.2.4). But as manifested 
in segregation, chemical binding can lead to very large effects indeed, for example the 
evolution of Aug 59Pdp 59 to Aug 7¢Pdo 24 (Fig. 3, curve labeled "annealed"; see also 
Refs. (5,10)). On the other hand, there is a hint that with oxides and halides the surface 
binding energy may play an unsuspected role. This is because energies calculated for atom 
removal from undisturbed surfaces can differ markedly depending on whether one con- 
siders an anion or cation, e.g. 12 eV for O in ALO; and 30 eV for Al in Al O; (11). The 
topic is pursued further below in Sect. 4.1.6 and then in Sects. 4.2.5 and 4.2.6. 


The role of volatility, ie. of thermal sputtering, is more problematical than that of 
mass or chemical binding. After being alternately accepted and rejected for 130 years 
(12), it was in a phase of acceptance in the decade 1970-1980. This was because the ex- 
periments of Nelson (13) had not yet been re-interpreted (14,15), since physically correct 
theories had just appeared (16,17), and since thermal effects were being widely advocated 
to justify the presence of ions and excited states amongst sputtered particles and to ex- 
plain O loss (18,19). For example, differences in volatility (relevant if thermal sputtering 
occurs) were found to explain many examples of O loss from oxides, with both the cor- 
relation ("'yes" or "no'') and the required magnitude of the volatility do?! atm at 
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~4000 K) being reasonably correct for the systems then known (19). Since then, many 
additional oxides have been shown to lose oxygen, including some like HfO,, Nb,O,, 
SnO,, Ta,O,, WO,, and ZrO, which (unlike the systems known when Ref. (19) was pre- 
pared) have very low volatility, at least for the observed extent of O loss. With alloys the 
best evidence for thermal sputtering relates to energy distributions, as for Xe” + Ag 
(20,21), which showed departures from the form expected for cascade sputtering as if a 
thermal distribution were superimposed. Temperatures of 20,000 to 30,000 K were im- 
plied, however, and this contradicts the idea that a condensed phase cannot exceed its 
critical temperature, 5100 K for Ag (22), because of a "phase explosion" (23,24). There 
is an important qualification, namely, that a phase explosion may have a natural delay 
time, possibly as much as 10‘ to 10” s although possibly much less (23). 
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Figure 2: Composition-depth profiles for bombarded Aug, 20Pdo, go as obtained by first 
bombarding to steady state with normally incident 2 keV Ne” at the indicated temper- 
atures, then quenching to — 90°C, and finally profiling with 2 keV Net. Compositions 
were obtained with ISS, using the same 2 keV Ne” as the probe ion. The reason that the 
bulk composition implied by the Figure, Aug 2gPdo.72, disagrees with the stated compo- 
sition, Aug 29Pdo go, is that the system is subject to on-going Pd loss as a mass effect (cf. 
Fig. 1). For notation, see Sect. 4.1.7. Due to Swartzfager, Ziemecki, and Kelley (9). 


4.1.2 Bombardment-induced (Gibbsian) Segregation, BIS 


We have been emphasizing the inadequacies of the older theoretical works, those be- 
fore 1980, on the subject of what causes bombardment-induced compositional change, 
with their emphasis on a more or less universal role for preferential sputtering as triggered 
by differences of mass, chemical binding, or volatility. The first new feature was the re- 
alization of a pervading role for BIS in causing changes with alloys (4,5). Such segregation 
occurs in nearly all cases in the same sense as equilibrium segregation (Figs. 2 and 3), 
though always has a smaller numerical extent for ambient temperature (5,10). It is dem- 
onstrated in characteristic composition-depth profiles (Fig. 2), formally equivalent to 
those found with equilibrium segregation when there is a moving surface; in conflicts be- 
tween ISS and AES or XPS analysis of bombarded surfaces (Fig. 3), which follow na- 
turally from the profiles; conflicts between the sense of equilibrium segregation and the 
sense of composition change (also shown in Fig. 3); in characteristic results for yield- 
vs.-angle (25,26), such that the non-segregating species is emitted more nearly normal to 
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the surface; in delayed segregation; and in suppressed sputtering. Delayed segregation 
relates to such systems as a bilayer of Ni on Ag (27) or homogeneous Au-Cu (Fig. 4 
(28)), where segregation was found to continue evolving for a few minutes after 
bombardment ceased. Such experiments show in an explicit way that chemical effects can 
occur during the prolonged relaxation that occurs subsequent to particle impact, a subject 
that was anticipated also in computer simulation (29), in work with alkali halides (30), 
and, particularly relevant here, in work on the decomposition of oxysalts (31-34) such as 
the delayed relaxation of randomized BaSO, (containing BaO) to true BaSO, (33). Sup- 
pressed sputtering (e.g. 35) is to be expected if segregation is sufficiently strong to ex- 
clude one component from the outer surface. 
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Figure 3: Comparison of surface or subsurface compositions with bulk compositions for 
Au-Pd specimens which have been either annealed or bombarded. The segregating ele- 
Ment is seen to be Au and, in addition, the outermost atom layer of a bombarded surface 
is also Au rich ("ISS"); in agreement with Fig. 2, however, the subsurface region of a 
bombarded specimen is deficient in Au ("AES"). This example is generic of many others 
in which the species which segregates on annealing shows a composition spike followed 
by severe depletion when the specimen is bombarded. Details are as follows: è (600°C, 
Ne ISS (9)); a (500°C, Ne ISS (58));-e-(400°C, He ISS (59)); I (600°C, AES (60)); 
o (bombarded, Ne ISS (9)); A (bombarded, He ISS (61)); ~-(bombarded, He ISS (59)); 
O (bombarded, AES (60));4-} (bombarded, AES (62)). A further point '“e’ which lies 
in the upper left under the "E" of "bombarded" is not shown. 


Segregation is, we would emphasize, not a type of sputtering, so invoking it to explain 
composition change constitutes a major change. We treat BIS with alloys in Sect. 4.3. 


Oxides also show segregation but the evidence for it playing a role in composition 
change was slow to come. In such a case as Nat on SiO», the movement of the Nat was 
a response to the charge of the incident particle (36), an effect that can occur only under 
conditions of ultra-high diffusivity and that is here classified as a form of redistribution 
(Sect. 4.1.5). In the case of CaO in MgO, the loss of Ca during bombardment at 
1250°C probably involved equilibrium segregation, the onset temperature for which is 
~900°C (37). The first straightforward example, with behavior like that of an alloy, re- 


Bombardment-Induced Compositional Change 95 


lates to Na loss from Na,O-SiO, (38). We will not further treat BIS with oxides in what 
follows. 


Figure 4: Changes in surface 


o tee a composition with time after stop- 
wee x gttet ping bombardment of 
; b 
° Aug,50Cu0.50 at 25 Cc with 
6 normally incident Ar” having en- 
f ergies of 0.5-3 keV. Compos- 
é Art=A c itions were obtained with 
a 8 r 49,50 “40.50 low-energy (60-69 eV) AES. The 
2074 8,=0°, T=25°C arrows mark the average steady- 
3 state compositions achieved dur- 
3 o.s ing bombardment and differ from 
= kev What is shown in the figure for t 
e lkeV = 0 only because of being aver- 
Š 0.52 ooroo- oO 80 ages (63). The composition 
ia Q- changes are seen to involve an in- 
z Fi mike crease in the amount of Au at the 
= —A— face and are in accordance 
2 AAA AAAA AA Su 
É ests’ A with what is found with heated 
0.50 Pee aos COMPOSITION--—-—4_ | specimens (64). The relevant 
A “ev mass transport is not regarded as 
| pooog a oa thermally activated diffusion but 
ag rather the post-bombardment an- 
a alog of bombardment-enhanced 
diffusion (65). Due to Li, Tu, and 
oas Ja. Sun (28). 
H keV 
o 50 100 


TIME AFTER BOMBARDMENT (min} 


4.1.3 Bombardment-Induced Mixing 


Mixing and BIS are not the same but have such close similarities that it is worth 
comparing them. Furthermore, the existence of the one supports the existence of the 
other. 


An important aspect of BIS is that, assuming it to resemble equilibrium segregation, 
then the driving force is only 0.06 to 0.52 eV, values which are very much less than the 
energies characterizing particle bombardment, 21 keV, or recoil motion, 210 eV (col- 
umns 2 and 3 of Table 1). Historically, mixing was described as a purely collisional 
(ballistic) effect, though with recognition of random and directed parts (e.g. 39). It was 
recently shown (40,41), however, that binary metallic systems show mixing rates which 
correlate with the heats of mixing (Fig. 5 (41)). Apparently a significant part of the driv- 
ing force for the mixing is based on chemical energy differences and we note that the 
magnitude, <1.3 eV, is again small compared with incident particle or recoil energies 
(column 4 of Table 1). It is clear that there is an extreme disparity between the chemical 
energy differences relevant to BIS or mixing and typical bombardment or recoil energies. 
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When we consider BIS in Sect. 4.3 one objective will therefore be to show a way out of 
the paradox. 
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Figure 5: Correlation suggesting 
that ion-beam mixing of metallic 
bilayers using 600 keV Xe** at 
77 K scales as the heat of mixing, 
AH, d(4Dt)/d¢ is the exper- 
imentally observed mixing rate, 
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A further similarity is that both mixing and BIS persist to very low temperatures, at 
least to 20 K in the former case (42) and at least to —120°C in the latter (43). 


4.1.4 Bombardment-Induced Decomposition 


The third new feature in the post-1980 period originated with four separate groups 
of authors, Christie et al. (e.g. 31), Hofmann et al. (e.g. 32), Rabalais et al. (e.g. 33), and 
Marletta et al. (e.g. 34). They suggested what is effectively an alternative to thermal 
sputtering. Basically, the traditional (thermal) point of view emphasizes transient 
vaporization subject to the laws of equilibrium thermodynamics. When several compo- 
nents are present, compositional changes arise due to the loss of the more volatile species. 
Although this is a strictly surface process, it could influence greater depths if the surface 
composition change served as a diffusion boundary condition, as when a surface of 
Ti2O3 triggers bombardment-enhanced out-diffusion of O from TiO, (44). The point of 
view of the authors indicated above is that the cascade itself should be regarded as a 
source of new stoichiometries as the initially disrupted lattice relaxes (cf. Fig. 4) and 
various alternative stoichiometries compete. In effect, a species of chemical driving oc- 
curs similar to what is postulated to govern BIS and mixing. The laws of equilibrium 
thermodynamics, especially the relevance of the free energy, probably do not apply. For 
example, bombarded Ca(NO3)> (31) could return to Ca(NO3)z itself, but as an alterna- 
tive could evolve to CaO or CaN». The argument goes that Ca(NO3)> is unfavored 
because of a combination of point-defect accumulation, amorphization, volatility, 
diffusional transport, and BIS; whereas between CaO and CaN, the former is favored 
energetically (Fig. 6 (31)). We treat bombardment-induced decomposition in Sect. 4.4. 
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Figure 6: XPS spectra of the oxygen Is photoelectron peaks from 
Ca(NO3)>, CaCO3, and CaSO4: (a) before Ar* bombardment; (b) after 3 keV Art 
bombardment to a fluence of 7.5 x 10°” ions/cm” at an angle of incidence of 50°. The 
targets were in the form of anhydrous powders. Similar results were obtained for com- 
pounds of Ca, Sr, and Ba, with the fractional conversion to oxide being 0.92-0.94 for 
nitrates, 0.53-0.57 for carbonates, and 0.40-0.45 for sulfates. We agree with the authors 
that what is being observed is more nearly a chemical re-arrangement of atoms displaced 
within each cascade than, for example, a process related to the thermal spike. Whether 
the re-arrangement occurs on a short time scale (as envisaged by Johnson (66)) or on the 
rather long time scale evident in Fig. 4 is unclear. Due to Christie et al. (31). 


4.1.5 Redistribution 


The fourth new feature in the post-1980 period was the general acceptance that 
composition change can be caused by point-defect fluxes or electric fields, whether or not 
sputtering occurs (45). We have termed this "redistribution" (46). The effect has no 
inherent thickness limitation, i.e. it is not confined to the outermost atom layer like BIS. 
A component which is transported preferentially by vacancies is depleted at the surface, 
while one transported as an interstitial is enriched at the surface (47). Similarly, transport 
due to electric fields can be in either sense (48). Transport by point defects or electric 
fields will be additive to BIS and, although it is really the combination which controls 
composition change, it is usually obvious in individual cases which effect dominates. The 
subject is reviewed elsewhere by Lam and Wiedersich (45). 


We would note in passing that, to some extent, the terminology has been a problem, 
as the word "segregation" is frequently used to mean "redistribution", just as 
"adsorption" is used to mean "segregation". We also note, in order to forestall misun- 
derstanding, that redistribution is normally regarded as a kinetic effect. By contrast, BIS 
and decomposition as developed here are essentially thermodynamic effects. The only 
purely collisional effect of any significance to compositional change is the role played by 
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mass near the threshold and with isotopes (1,2,7), as well as possible roles played by the 
surface binding energy. 


4.1.6 Surface Binding Energies of Oxides and Halides 


It is clear from Sect. 4.1.2-4.1.5 that the role of preferential sputtering (in the formal 
sense of the term) in causing compositional change is much less important than had once 
been thought. Exceptions occur in the near-threshold regime (1) and with isotopes (2), 
while another exception relates to the surface binding energy of oxides and halides. Thus, 
there is recent evidence that the anions and cations in some oxides may have significantly 
different binding energies. That oxides have somewhat lower overall yields has long been 
known (Fig. 7, "total Cr" (49)) but that cation atoms are particularly reluctant to be 
emitted was realized only when laser-induced fluorescence was applied to the sputter 
products of systems such as Cr + O5. The yield of Cr° fell by over a factor of 100 as the 
ratio flux(O2)/flux(ions) increased (Fig. 7). Behavior as in Fig. 7 was subsequently ra- 
tionalized by calculations in which energies were deduced using parameters appropriate 
to point defects in perfect oxide (11) or halide (50) surfaces. The cation binding energy 
was found to be unusually high for oxides of group HI and beyond (11), while a similar 
effect was shown for halides of group H and beyond (50). 
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Figure 7: Composition of the sputtered flux as a function of the ratio of the O, to Art 
fluxes or of the O, partial pressure for 15 keV Art bombardment of polycrystalline Cr. 
All curves except that for Y(TOTAL Cr) refer to the left-hand scale and give the frac- 
tional composition of the sputtered flux. Cr? is the Cr ground state, a'S,, Cr* is the 
425.4 nm transition of the state z'P9, while CrO, denotes neutral molecules in general, 
of which CrO can be expected to be the dominaní component. The relative yields other 
than that for Cr* were obtained by LIF, "laser-induced fluorescence", at 8; = 60°, the 
Cr* yield was obtained by light emission at 6; = 15°, while the total Cr yield was ob- 
tained by use of a quartz- crystal microbalance and ê, = 15°. The unexpected feature is 
the factor of 130 fall in the Cr®°, a result that has pes explained (11) in terms of the 
surface binding energy for Cr° being significantly higher than that for O°. Due to Betz 
and Husinsky (49). 
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Table 1: Examples of chemical energy differences which can act as driving forces for 
changes in bombarded solids. The heat of segregation, AH, leads to BIS, while the heat 
of mixing, AH, contributes to bombardment-induced mixing. AH®® is taken from Ref. 
67; AH is taken mainly from Ref. 68, and applies to systems with 1:1 proportions. The 
entries AES, FIM, ISS, and XPS are the usual acronyms referring to the methods of sur- 


face analysis. 


System 


Ag-Au 
Ag-Pd 
Au-Cu 


Au-Ni 
Au-Pd 


Cr-Mo 
Cu-Ni 
Cu-Pd 
Cu-Pt 


Mg-Al 
Mo-W 
Ni-Co 
Ni-Mo 
Ni-Pt 


Pd-Ni 


(a) This information is all for dilute Au. For concentrated Au, AHSS 


AH®= (eV) 
(experimental from 
Arrhenius plots) 


0.09-0.13 AES 
0.13 AES; 0.13 ISS 


0.52 AES; 0.45 ISS 


0.42 ISS 
0.059 AES 


0.069; 0.18 AES 


0.15; 0.25 AES; 
0.11-0.24 ISS 
0.31 AES 


is much lower, ~0.07 (58). 
The information on the surface composition is not fully self-consistent (69). 


AH™® (eV) 
(experimental from 
individual data 
points using Eq. (10) 
with AS*® = 0) 


0.04-0.07 ISS 
0.02-0.04; 0.098 AES 
0.03-0.06 AES; 
0.04-0.10 ISS 


~0.4 AES") 
0.05-0.13 AES; 
0.09-0.11 ISS 


~0.02 AES) 

0.21 FIM; 0.2-0.3 ISS 
0.02-0.07 AES 
0.1-0.2 AES, XPS; 
0.09-0.2 ISS 

0.1 AES 

~0.4 AES 

0.04-0.09 AES 


0.06 AES 


AH (eV) 


-0.048 
-0.052 
-0.053 


+0.078 
-0.081 


+0.075 
+0.018 
-0.111 
-0.115 


-0.034 
+0.021 
0.000 
-0.011 
-0.096 


-0.006 
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Malherbe et al. (6) advocate a similar but less extreme effect in a treatment which is 
somewhat empirical. The binding energy is also believed to play a role in such cases as the 
sputtering of Si by a combined flux of gaseous Cl, or XeF, and inert-gas ions (51,52). 
Mo shows a similar response with respect to O,, especially at elevated temperatures (53), 
while in still other cases effects involving binding occur due to the incident beam, as in the 
sputtering of Mo (54) or W (55) by OŤ. We treat surface binding energies of oxides and 
halides in Sects. 4.2.5 and 4.2.6. 


4.1.7 General Comments 


It is worth commenting further on what should already be clear: the concepts of 
preferential sputtering and compositional change may or may not coincide. The former 
relates to changes in the outermost atom layers and is correctly attributed to differences 
of mass, chemical binding, or volatility. Refs. (1,2,3,6,11), for example, relate to prefer- 
ential sputtering. Preferential sputtering is, by its nature, an essentially universal effect 
but it will contribute significantly towards compositional change only (a) if the change is 
defined by a method of analysis which is, like ISS, a true surface probe, or (b) when the 
system, for whatever reason, fails to show segregation, decomposition, or redistribution. 
Reasons include near-threshold behavior (1) and the sputtering of isotopes (2). Table 2 
is an attempt to clarify the difference between preferential sputtering and compositional 
change. 


We will use in what follows the notation of (5,56). Subscript "o" will designate a 
property of a cascade particle, "1" a property of the incident particle, "2" a property of 
a surface atom (atom layer one ), "2" a property of a subsurface atom (atom layer 
two ), and "3" a property of a bulk atom. In Sect. 4.3.2 we will also use "2’" to represent 
an atom in atom layer three, which is justified if the profile is extended like those in Fig. 
2. "a" denotes atom fraction, subscript A, B, or (in general) i a component, and super- 
script "œ" steady state, whence the use of such forms as aA (2): M designates a metal, O 
oxygen, X a halogen, U the surface binding energy, Y the sputtering yield, Z the co- 
ordination number, and À the mean atomic spacing. The acronyms AES, FIM, ISS, and 
XPS refer to the well-known methods of surface analysis. 


Atoms and point defects will be designated (as is usual (57)) with the entity as the 
main symbol, the location as subscript, and the charge as superscript. Thus, Mgyq, is a 
normal Mg ion in such a compound as MgO, Vx is an Mg vacancy without associated 
electrons, Mgt is an Mgt interstitial, e7 is an electron, and ht is a hole. (The charge 
convention of Ref. 57 is actually slightly different, being the so-called relative charge.) 


It will sometimes be necessary to distinguish "s", i.e., solid or crystalline, "Z", i.e., 
liquid or amorphous, and "g", i.e., gaseous or sputtered. For example, when TiO,(s) is 
bombarded, it evolves first to TiO,_,(/) and then to Ti203(s) by loss of O(g) or O,(g). 
4.2. THE ROLE OF THE SURFACE BINDING ENERGY 


4.2.1 The Surface Binding Energy in Cascade Sputtering 


Let us consider briefly the recoil-density derivation (70) of the standard relation for 
slow collisional (i.e. cascade) sputtering. This approach has the advantage of being 
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Table 2: Mechanisms for compositional change. 


Effect 


Preferential 
sputtering due 
to mass diff- 
erences 


Preferential 
sputtering due 
to differences 
in chemical 
binding 


Preferential 
sputtering due 
to differences 
in volatility 


Bombardment- 
induced segre- 
gation 


Bombardment- 
induced 
decomposition 


Redistribution 


Systems where the 
effect is important 


(a) The outermost atom 
layer of nearly 
all alloys. 

(b) Near-threshold 
conditions. 

(c) Isotope sputtering. 


(a) The outermost atom 
layer of nearly 
all alloys. 

(b) Oxides of group 
HI and beyond. 


(c) Systems like Si ex- 
posed to Cl, plus 
inert-gas ions. 


(a) Alloys with a very 
volatile component. 
(b) Alloys in general. 


(c) Oxides with high 


decomposition 
pressures. 


(a) Almost all alloys. 


(b) The system Na,O-SiO,,. 


(a) Oxides and oxysalts 
in general. 


(a) Alloys containing 
Si. 
(b) Alloys in general. 


Role in compositional 
change 


Normally overwhelmed 
by segregation or 
redistribution. 

Loss of lighter species. 


Loss of lighter species. 


Normally overwhelmed 
by segregation or 
redistribution. 

Loss of O; reduction 
of the cation 
(tentative). 

Loss of the species 
with the most 

altered binding. 


(Untested) 


Normally overwhelmed 
by other effects. 

Loss of O; reduction 
of the cation 
(tentative). 


Massive subsurface 
loss of the segre- 
gating species. 
Subsurface loss of Na. 


Loss of O,C,N,S; 
reduction of the 
cation. 


Massive subsurface 
loss of Si. 
Subsurface loss of 
whichever species 
is redistributed. 
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somewhat more transparent than that based on transport theory (71) but is otherwise 
equivalent. An ion is regarded as starting from the reference plane x = 0, which is equiv- 
alent to the surface. During the penetration of the ion into the target, assumed to be 
random, a "linear" collision cascade is generated. Let E, be the incident energy and 
C,,(x)dx be the differential depth-distribution function for energy deposited in elastic 
(nuclear, ''n'') events. The deposited energy creates recoiling target atoms with energy 
E, and an assumed isotropic motion. If we accept the result that the recoil density has the 
form appropriate to the value m = 0 for the power-law parameter, 


F(E}, E,)dE, ~ (TE) /E2)dE,; T = 6/7? = 0.608, o 


Wt 


then it follows that the total number of recoils at the surface which would be able to 
overcome an energy barrier U is just 


a/2 

f (1/2)d8, sin 8, x fi dE, x TEJEZ? x C,(0)L, 
o U/ cos? 

= (1/6)TE,C,(0)L,/U, 


where @, is the polar angle of a sputtered atom, C,,(0)dx has been replaced with 
C,,(0)L,, and L, is the characteristic depth of origin of sputtered particles. L, has been 
evaluated both theoretically (71) and experimentally (10,72), though unfortunately with 
somewhat different results (10). It is conventional to reduce L, to 3L,/4, which is a sort 
of angle averaging, and this gives for the cascade sputtering yield, Y cascade» the usual 
(70,71) form: 


Yeascade = (1/8)PE,Cy(0)L)/U. (2a) 


For a binary target, C,(0) will not partition quite stoichiometrically (3,5) but wili depend 
on the masscs. This leads to the further general result: 
«æ 1/M?™U, (2b) 


Ycascade 


The important quantity in Eq. (2), in the context of this Section, is U. If it differs for 
different components of a target, then sputtering will cause a compositional change, 
though the change will be significant only if the difference in U is sufficient. 


4.2.2 The Bulk Binding Energy, W 


Eq. (1) for the recoil density assumes, amongst other things, that the bulk binding 
energy, W, is zero. The possibility of a non-zero W was discussed first by Sigmund (73), 
where the result obtained was stated to be valid only for E} > > Ey > > W. We have 
obtained a very similar result and were able to show that it is more generally valid, namely 
for E; > > Eg or W (74). The form appropriate to m = 0 is 


T(E, + W) 


awe (3) 


F(E,,E,,W) dE, ~ 


where T is as before. We are still studying the significance of Eq. (3) to compositional 
change, the main reason for introducing it here being to show that the problem of W being 
non-zero is tractable and that W should not be perfunctorily overlooked. We also note 
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that, for a binary target, important compositional changes can arise if the components 
have different values of W (75). 


4.2.3 The Surface Binding Energy for Alloys 


Attempts to define U for metals and alloys showing miscibility have been made re- 
peatedily. With metals, it has been usual to identify U with the cohesive energy, i.e. the 
heat of atomization AH. We would point out that, if Us, is the A-A "bond strength" 
and if Z} is the bulk ("3") coordination number, then we have the well-known result (76): 


AH? = — (1/2)Z,U,aa, (4) 


which means, effectively, that the use of AH* is equivalent to regarding the sputtered 
atom as occupying a half-space site (A in Fig. 8). Since half-space atoms are atypical of 
an undisturbed surface as compared with in-surface atoms (B in Fig. 8), it follows that 
AH? underestimates U. 


Figure 8: (A) Sketch of a half-space atom with coordination number Z3/2 which has 
been emitted by vaporization. Such an atom, which is bound by the cohesive energy or 
heat of atomization, AH’, is not characteristic of the sputtering process because it is 
atypical of an undisturbed surface. When a half-space atom is removed, there is no re- 
sulting surface vacancy but rather the jog is displaced. (B) Sketch of an in-surface atom 
with coordination number Z, which, being more nearly typical of an undisturbed surface, 
is here assumed to be relevant to sputtering. If the expulsion is sufficiently rapid, such 
an atom is bound by (2Z,/ Z3) AH, thence by a quantity somewhat greater than AH*. 
A surface vacancy is always formed, i.e. whether the expulsion is rapid or slow. 


Similar in spirit to the use of AH? with metals, is to describe binding in miscible alloys 
in terms of the cohesive energies of the pure substances (e.g. 62). However, not only is 
the wrong type of atom being dealt with, but such an approach neglects the fact that 


104 Handbook of Plasma Processing Technology 


binding in an alloy is governed in all cases by the statistics of site occupancy (e.g. random, 
ordered, segregated) and in some cases (as when species such as B or Si are involved) by 
changes in the character of the binding. 


An approach which avoids the twin problems of AH* underestimating U and of AH? 
not being correct in any sense for an alloy, is based on the "quasichemical" variant of 
thermodynamics (5,56). It is easily applied to both metals and binary alloys as it requires 
knowledge only of nearest-neighbor "bond strengths", U,,, Ugg. and Uap.* Self- 
consistency is achieved if Ua 4 and Upp are defined as in Eq. (4). Similarly, Uap is de- 
fined in terms of the heat of mixing, AH,, (76): 


AHm = %A(3)B3)hm = &4(3)¢B(3)Z3[U ap — (1/2) (Usa + Upp), 


where (3) is the atom fraction of component i in the bulk. The surface binding energy 
U now follows as the sum of nearest neighbor energies under the assumption that the 
typical atom expelled is an in-surface atom (reasonable if L, in Eq. (2a) is about 0.80A 
(10,72)) with atom fraction (2) and coordination number Z,: 


Ua = (Zo/Z3) [11 + aan) AHA + ago) (AHR — by)] (Sa) 
for a binary alloy and 
U = (2Z5/Z3;)AH® = (1.42 + 0.08)AH* (5b) 


for a unitary system, i.e. a4 (2) = 1. The numerical factor 1.42 + 0.08 applies to the more 
densely packed surfaces of fcc, hcp, and bec. In practice, the term h is normally unim- 
portant (5,56), with Si-containing systems being a marked exception (e.g. Fe-Si (68)). 
Nevertheless, we take it into account (Table 4, to follow). 


Equation (5) should be acceptable whenever two conditions are met: U describes 
atom removal from an undisturbed surface and the act of removal is sufficiently rapid that 
the relaxation of the lattice around the surface vacancy can be neglected. If the act of 
removal is slow, the relaxation around the vacancy cannot be neglected. As discussed in 
Ref. 8, U is then somewhat smaller than in Eq. (5). 


Examples of U as given by Eq. (5b), as well as experimental values where known, are 
given in Table 3. The agreement between theory and experiment is moderately good, 
though with experiment typically more similar to AH? than to Eq. (5b). The obvious 
problem is that atom ejection from real systems does not involve undisturbed surfaces as 
in Fig. 8 and as assumed in Eq. (5b). Nevertheless, we conclude that it is realistic to as- 
sume a proportionality, U œ AH", and this will be done in what follows. 


4.2.4 Application to Compositional Change with Alloys 


It follows from the requirement that matter be conserved that the steady-state sput- 
tered flux ratio for a binary alloy is, to lowest approximation, 


*We would note that the U;; are not "bond strengths" in the formal sense but rather pa- 
rameters derived from observable thermodynamic quantities. 
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Table 3: Examples of calculated and observed surface binding energies for metals. 


Metal AH? U = 1.42AH* U from Ref. 
(eV) (Eq. (5b)) experiment 
(eV) (eV) 
Al 3.41 4.8 3.6 (83) 
Au 3.82 5.4 5 
Ba 1.89 2.7 2.1) (84) 
Ca 1.85 2.6 1.3 (85) 
Ce 4.38 6.2 us 
Cr 4.12 5.9 4.2 +02 (86) 
4.4 + 0.2 (87) 
cr® >4.12 >5.9 5.1 + 0.2 (87) 
Cu 3.49 5.0 X 
Fe 4.31 6.1 4.3; 5.0°) (88,89) 
Ge 3.88 5.5 i 
In 2.52 3.6 4.0 (90) 
Mg 1.52 22 
Mo 6.82 9.7 
Ni 4.46 63 
Pt 5.85 8.3 i; 
Rh 5.73 8.1 8.0;11 +1 (90,91) 
Si 4.72 6.7 a 
Sn 3.12 44 
Th 5.96 8.5 ae 
Ti 4.87 6.9 4.6 (83) 
U 5.42 7.7 5.4 (92) 
w 8.80 12.5 ik 
Zn 1.35 1.9 ae 
Zr 631 9.0 642 (93,94) 
6.3 (95) 


z Stainless steel with 17% Cr and the remainder dominantly Fe. 
(b) Corrected by Garrison et al. (96) for geometrical effects (97). 
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Table 4: Examples of calculated and observed surface compositions for alloys with 1:1 
proportions. 


System, A-B AH{ AHS bm — AHR/AHA Ug/Uq = ——aa2y/a'a2) 
(eV) (eV) (eV) @B(2)/ (2) from exper- 
from Eqs. iment using 
(Sa,7) AES or XPS 
(b) 

Ago s0AXo,50 2.94 3.82 -0.193 1.30 1.14 2.0 

ABo.50Pdo.s0 2.94 3.90 0.216 1.33 1.15 2.2 

Auo.50Cu0.50 3.82 3.49 -0.197 0.91 0.96 1.0 

Auy,soNio.so 3.82 4.46 +0.295 1.17 1.08 ~2.7 

Aug 50Pdo,50 3.82 3.90 -0.320 1.021 1.010 14 

Cro 50Mog 50 412 6.82 +0.229 1.66 1.29 1.7 

Cug.soNio.50 3.49 4.46 +0.074 1.28 1.13 1.8 

Cup 50Pdo.50 3.49 3.90 -0.461 1.12 1.054 1.6 

Cuo.5s0Pto.50 3.49 5.85 -0.461 1.68 1.27 2.1 

Mgpo soAlo.so 1.52 3.41 -0.135 2.24 1.44 3.6 

Mog 500.50 6.82 8.80 +0.084 1.29 1.14 1.4 

Nig 50C09,50 4.46 4.44 ~0 0.9955 0.998 12 

Nig 50Pto.50 4.46 5.85 -0.362 1.31 1.14 1.6 

Pdo soNig.so 3.90 4.46 ~0 1.14 1.069 13 


(8) Most entries for hm were obtained by averaging values deduced from integral AH,, for solid 
alloys (68) using hm = AHm/ aA (3)3B(3) The value for Mo-W is from (77). 


(b) See Table 7 for the references. 
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surface flux, aA (2)Y A (3) (6a) 
surface fluxp B aB(2)YB E aB(3) 

but to higher approximation, 
surface flux, aall — B) + aA (oP Ya 2A(3) (6b) 
eX 3 
surface fluxg aR) —p)+ aR (2'\8 YB &B(3) 


where "2°" refers to atom layer two and £ is the fraction of sputtering from beyond atom 
layer one. Values of £ (the notation f(A) is also used) range from 0.11 to 0.30 with an 
average of 0,19 (10). In both cases Y,a/Yp, the yield ratio, can also be written 
Ya/Yp = MŽ mMUp/ M4" U; (Eq. 2b). Eq. (6b) is most useful when BIS occurs 22d 
an A(2) and aac2 3 therefore differ strongly. The overall result is that the value of a% A(2) 
is controlled by 3 parameters: the power-law scattering parameter m (a rather weak de- 
pendence since m ~ 0, cf. p. 390 of Ref. 72), the subsurface sputtering fraction B (10), 
and the BIS ratio K? (Table 7, to follow). 


Using the lower approximation of Eq. (6a) it follows that the compositions will change 
until they obey the relation 


æ 2 
surface flux, ea2)Mp Up %A(3) 


= 7 
%B(3) o 


surface fluxg ano MAUA 
If Up/U, is taken as defined i by Eq. (5a), then the latter expression and Eq. (7) can be 
solved iteratively for aB(2) EYN A(2) (column 6 of Table 4). 


Table 4 (final column) also contains observed values for aB(2)/ A(2)> in all cases 
taken from work using AES or XPS. The outstanding feature is that the predicted com- 
positional changes due to bond-strength effects are without exception very much less than 
what is observed with AES or XPS. There are two reasons for such a trend: 

(i) One relates to the mathematical form of the expression for Ups Uy. As seen in Table 
4, the ratio Up/Us i is significantly closer to unity than AHp/ AH’, ‘Ay and it is the former 
which governs a B(2)/ A 2y 

(ii) The other reason is a practical problem. Systems such as Ag-Mo or Au-W, which 
might be expected to show a large compositional change in view of the highly dissimilar 
values of AH?, are not miscible. 


Nevertheless, the conclusion is inescapable: compositional changes with alloys as 
measured by AES or XPS are not governed by bond-strength effects. 


We note in passing that, even if the numerical value U = 1.4AH° was not fully in 
agreement with experiment (Table 3), at least the proportionality U œ AH? was accepta- 
ble. This is a sufficient condition for the arguments made here to be valid. 


4.2.5 The Surface Binding Energy for Oxides and Halides 


Oxides and halides do not permit quite as straightforward a definition of U as do 
metals and alloys: ionized species and diatomics are emitted to an important extent and, 
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due mainly to the major role of polarization, oxides and halides cannot be described in 
simplistic terms such as pair-wise interactions (78) or quasichemical thermodynamics 
(5,56). 


We have proposed (11) that a possible description of binding at undisturbed surfaces 
with oxides and halides is in terms of processes in which individual surface atoms are re- 
moved slowly to infinity, using as the basis defect theory of the type pioneered by Norgett 
and Lidiard and recently further refined by, amongst others, Mackrodt (57). Slow re- 
moval was suggested on the grounds that the characteristic time for electronic relaxation 
is of order 107 1° s and thus distinctly shorter than the sputtering time (e.g.9 x 10°“ s 
for a 5 eV Al atom or 22 x 107!* s for a 5 eV W atom (8)). In evaluating the energies, 
it is convenient to take advantage of the result that, for an oxide or halide, most bulk de- 
fects have similar energies to surface defects, the divacancy binding energy apparently 
being the only exception (11). 


4.2.5.1 Cation Atom Binding. Using MgO as the example, we consider the process in 
which a neutral Mg atom is removed slowly to infinity: 


Maite = Mg(g) + VMg + 2h*, 
The energy change is 
Umg = E(Vmg) — Iı(M8) ~ 1,(Mg) + 2E(h*), (8) 


where E(V;) is the lattice energy for vacancies of type i, i.e. the energy to slowly remove 
a lattice ion to infinity, I,(M) is the n ionization potential of the cation M, and E(h*) 
is the formation energy of a hole inclusive of electronic and ionic relaxation. 


4.2.5.2 Anion Atom Binding. We next consider the process in which a neutral O atom 
is removed slowly to infinity: 


06 = O(g) + Vo + 27, 
where e` is a lattice electron and the energy change is 
Uo = E(Vo) + 1,(0*7) + (O°) + 2E(e7). (9) 


Here 1,(O7-) is the n” ionization potential of O77 and E(e’ ) is the formation energy 
of a lattice electron. In those instances where E(e ) is the energy of an electron at the 
bottom of the conduction band, we have E(e ) = — | E,|, | E, | being the con- 
duction band width. 


Input parameters for calculating U for oxides, as collected from a variety of sources, 
are given in (11), while evaluations of Eqs. (8) and (9) as well as corresponding equations 
for MO diatomics and Mt ions (11) are given in Table 5. The results show that, if U for 
an ionic oxide is taken as the lower of that for the metal atom or O atom, then ionic oxides 
are more tightly bound than the corresponding metals (Table 3) by factors of 1 to 5. This 
result, which should be manifested in low total yields, is not surprising in view of what has 
long been known experimentally. What is somewhat unexpected is that, for ionic oxides 
of group II and beyond, O atoms as well as MO diatomics are predicted to be far more 
easily removed than metal atoms, so that one can expect abnormally low metal-atom 
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yields in appropriate circumstances as well as essentially universal preferential loss of O 
for group MI and beyond. 


Table 5: Examples of calculated surface binding energies in eV for oxides as in Eqs. (8) and 
(9). The input parameters are given in Ref. (11). 


Type of binding CaO MgO NiO ZnO Al, O03, ThO, ZrO4 
energy, U; 

Metal atom, Uny 12.3 13.5 7.7 8.0 29.8 ~29,7 32.2 
Oxygen atom, Ug ~12.2 ~13.1 10.9 4.8 ~11.8 8.5 <7.1 
MO diatomic, Upo ~8-4 ~8.2 ~6.8 es ~18.2 ~18.1 ~19.0 
Metal ion, U 4 14.1 15.8 10.8 10.8 28.5 ~33.5 35.6 


4.2.6 Application to Compositional Change with Oxides 


4.2.6.1 Metal Atom Yields from Oxides. Before considering compositional changes 
with oxides, we will digress in order to discuss metal-atom yields because of the light 
which is shed on binding energies. While it has been known for some time that total yields 
were generally somewhat lower for ionic oxides than for metals, whereas partial yields for 
ions, excited states, and MO diatomics were greatly enhanced, almost nothing was known 
about neutral, ground state atoms because of the difficulty in detecting them explicitly. 
This problem was recently overcome by using either laser-induced fluorescence (49) or 
secondary neutral mass-spectroscopy (79). The example of Cr, Fig. 7, reveals that 
metal-atom yields can fall drastically as the oxygenation of the surface increases. This in 
turn tentatively supports the newly proposed oxide binding energies as in Table 5. 


4.2.6.2 Preferential Effects. Oxygen loss from oxides is well documented, leading 
either to well-defined changes in composition (Fig. 9 (80)) or else to an ill-defined state 
of understoichiometry (Fig. 10 (32)). We first note that considerations of mass are not 
useful for understanding such O loss, since it would follow that all oxides (except, e.g., 
BeO) would behave similarly and reduce to pure metal, at least at the outer surface. 
(Near-threshold processes as in Fig. 1 are a well-defined exception: see Sect. 4.4.4.1.) 
This leaves considerations of binding, with which this section is concerned, together with 
arguments based on bombardment-induced decomposition (Sect. 4.4). 
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Figure 9: Reflection electron 
diffraction patterns taken at 80 
kV for TiO»: (a) before 


NS 
bombardment; (b) after_expo- COO 
sure to5 x 10 ions/cm? of 30 o 


keV Krt at normal incidence; 
and o after exposure to 
6x 10! ions/cm? of 30 keV 
Kr*. The patterns, respectively 
those of rutile TiO,(s), amor- 
phous TiO; x, and Ti,O,(s), are 
an explicit indication of prefer- 
ential O loss which leads to a 
well-defined change of composi- 
tion. Due to Parker and Kelly 
(80). 
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Figure 10: Bombardment-induced O loss from a 36 nm anodic film of ZrO, on Zr as 
sensed with XPS while bombarding with 3 keV Ar* at normal incidence. The initial rise 
of the O and zt signals is due to contaminant removal, the changes in all signals at 5-25 
min are due to preferential O loss to yield an ill-defined composition ZrOp ¢, while the 
more gradual changes beyond 65 min are due to the termination of the anodic film. Due 
to Hofmann and Sanz (32). 
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What has not been generally appreciated is that a properly defined U leads naturally 
to preferential effects with oxides and halides: as borne out in Table 5 for ionic oxides of 
group III and beyond, the O atom binding at an undisturbed surface is distinctly (up to a 
factor of 4) smaller than the metal-atom binding. This is the result of the cations, with 
their greater charge, sitting in a deeper potential well. There should therefore be a uni- 
versal tendency for O to be lost from appropriate oxides, as when ZrO, evolves to 
ZrOo 6 (Fig. 10). (The latter probably consists mainly of a saturated solid solution of O 
in a-Zr, namely ZrOp 41.) Similar comments apply to TiO, but with an important dif- 
ference: O deficiency is accommodated when sufficiently slight as Vc plus Tix}, then for 
greater loss as shear planes, and finally as a lower stoichiometry. Experimentally, bom- 
barded TiO,(s) shows a well-defined surface layer of Ti,O,(s), seen both by flectron 
diffraction (Fig. 9) and electron spectroscopy (81), or, alternatively, Ti plus Ti , seen 
by XPS (82). 


The same argument also explains why TiO, evolved to TiO; rather than Ti: Ti,O3 
is metallic (44) and there is therefore no longer the large difference between Uy; and 
Ug as for the more nearly ionic TiO. This leads to the rule that, if an ionic system has 
a metallic lower stoichiometry, then this stoichiometry forms under bombardment. Oth- 
erwise, there is an ill-defined state of understoichiometry as with ZrO5. 


Nevertheless, we still maintain firm reservation about whether the binding energy is 
the sole reason for composition change with oxides. The problem is the same as with 
mass: the lack of universality. Specifically, binding energy would account nicely for O loss 
from the highly stable HfO,, SnO,, and ZrO,, and for the greater than expected loss from 
Nb,O,, Ta,O,, and WO, (Sect. 4.4). It fails, however, to account for the stability of 
ALO,, Cr,O,, and SiO,. Moreoever, a final decision cannot yet be made owing to the lack 
of appropriate experiments. For example, although the highly powerful XPS approach 
was indeed used with ALO,, Cr,O,, and SiO,, the apparent lack of O loss could have been 
due to the lack of diffusional deepening, with the O loss confined to the outer surface and 
therefore undetected. 


4.3. THE ROLE OF SEGREGATION 
4.3.1 Equilibrium Segregation 


One of the most difficult effects to study in thermodynamics is equilibrium segre- 
gation. With Cu-Ni, for example, it is manifested in the tendency, with specimens heated 
to above 400-500°C, for the outermost atom layer to be enriched by up to a factor of 
40-100 in Cu since Cu has the lower bond strength (98). With Au-Cu the outermost atom 
layer is enriched by up to a factor of about 4 in Au since the Au atom is oversized (99). 
The driving force for equilibrium segregation lies in the interval 0.06 to 0.52 eV (Table 
1). 


It is now known that segregation occurs also when alloys are bombarded, even at very 
low temperatures (43). BIS is almost always in the same sense as equilibrium segregation 
and can be therefore assumed to have the same low driving force, 0.06 to 0.52 eV. Since 
sputtered atoms come mainly (70-90%) from atom layer one (10), it follows that BIS 
must lead to important perturbations of the sputtering process. In the case of Cu-Ni or 
Au-Cu this involves major Cu or Au loss variously from near the surface (as in Fig. 2) 
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or from orders of magnitude greater depths (100). The reason for the loss is that BIS 
serves to "pump" Cu or Au into the outer atom layer, where it is preferentially sputtered 
away so as to leave the subsurface depleted. Corresponding work with bombarded oxides 
is very limited even though equilibrium segregation is well known (101) and well under- 
stood (102). Examples include Ca loss from MgO during bombardment at 1250°C (37), 
a tentative example as it probably involved equilibrium segregation; segregation-related 
perturbations to composition-depth profiles in Si (103); and Na loss from Na,O-SiO, 
during bombardment at ambient temperature (38). The latter work is particularly im- 
portant since alloy-like profiles as in Fig. 2 were inferred. 


Returning to equilibrium segregation, a standard argument (4) based on minimizing 
the free energy of the system (surface plus bulk) suggests that the magnitude of the 
composition spike at equilibrium, @A(2)s is related to the bulk composition, « ‘A(3) by the 
relation: 


GA) "AG P | AHS } zon { -~ ase 
2 OBG) kT k 
*B(2) 1 
a seg a (10) 
TAG) AG = SAO) gea 
2B(3) kT B3) 


where AHS and ASS®S, the heat and entropy of segregation, are given in very general 
form by relations discussed by Wynblatt and Ku (104), K°4 will be here termed the 
equilibrium segregation ratio, and the sign convention used for AGS? is appropriate for 
AG**® > 0. (The opposite convention is also used (98).) To lowest approximation, 
AH is the total energy difference when an A atom in the bulk is exchanged with a B 
atom at the surface and AS*°® is zero (4,105). Neglecting the heat of mixing this energy 
difference is 


AH™® x (Z,/Z3)(AHb — AHA) ~ (1/4) (AHR — AHA), 


where Z, is the "vertical" coordination number, e.g. Zy = 3 for (111) of f.c.c. To higher 
approximation, both "bond strength" and size must be taken into account, the trends 
being that the segregating species has either the weaker bonds (e.g. Cu in Cu-Ni) or is 
oversize (e.g. Au in Au-Cu). 


4.3.2 Bombardment-induced Segregation, BIS 


Values of AH*°® were given in Table 1 and we note that they are numerically small, 
0.06-0.52 eV. Estimates of the onset temperatures for atomic-scale thermally activated 
diffusion are given in Table 6 and we note that, for systems other than Mg-Al, they are 
all well above ambient temperature, >250°C. 


The information in Tables 1 and 6 might suggest that a bombardment-induced analog 
to equilibrium segregation, i.e. BIS, would not occur, as the driving force is too small and 
the required temperature too high. It is therefore important to accept that, as already 
discussed in Sect. 4.1.2, there is overwhelming empirical evidence that it does occur. 


A further objection to BIS is that a composition spike in the first atom layer would 
not be stable with respect to ion-beam mixing. We cannot answer this problem explicitly 
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but would note that segregation could well develop subsequent to the maximum activity 
in each cascade, e.g. after ~0.5 ps, when a persisting tail in the Frenkel-pair population 
can be expected (106). Alternatively, it could involve what we will term “chemically 
guided final steps" (see after Eq. (11)). In any event, we are not surprised that it has aa 
small magnitude. 


Because sputtered atoms originate mainly from the outermost atom layer (10,72), this 
layer must have a steady-state composition, a% (2) governed by the conservation relations 
of Eq. (6a) or (6b). 


The second atom layer, with steady-state composition an Py} bears a relation to the 
first governed by the kinetics of atom movement as treated first in Refs. 9,56,107,108. 
We here restate the argument of (56,108) in a form which differs mainly by avoiding the 
simplification that only atom layer one contributes to sputtering (8 = 0). (This is, how- 
ever, not an important change.) Sites are conserved in a bombardment-induced relocation 
process if the lattice relaxes appropriately following each elementary jump (109,110). 
For example, let A tend to segregate. Then a transfer of A from (2’) to (2), with a rate 
per second k, a9’), triggers a relaxation in which a converse transfer occurs. For ho- 
mogeneous (i.e. stoichiometric) relaxation, the converse transfer could involve either A 
or B so that a net change in the system occurs only at a reduced rate k, a4 (9/)aR(2). 
Concurrent with the radiation-enhanced jumps, A is added to (2) at a rate the first term 
of which is (1 — BIVB NABDA) where vg = IYp/N is the velocity of surface 
recession at a B site, I is the ion flux, and the factor a, 2") recognizes that a net change 
occurs in (2) only if an A is exposed in (2). A second term also exists, 
ed YBWvB/A)aR(2)4 Aly where yB with y < 1 is the fraction of atoms emitted simul- 
taneously from (2) and (2’), and « A(2") is intended to describe atom layer three. Con- 
sidering also the inverse terms by which A is lost from (2), the following rate equation is 
obtained: 


dag(/dt = [ky + (1 - B + yB)vp/AJeacryanyay ~ 
— [kL + A = B + vB)va/A laaan.» 


so that at steady state one has (Eq. 11): 


aA(2) E aA (2) $ k, + (1 — B + yB)vp/A 2 aA’) cae 
aB(2) aB(2') k_+Q0-6 + YB)V A/A aB(2') 


where k_ is the rate constant for a jump unfavorable to segregation and K? is the BIS 
ratio (the analog of K°4 in Eq. (10)). 


We have suggested (111) that the rate constant k, be attributed to a low-energy, 
chemically guided final step appended to a fraction f (probably near unity) of the ballistic 
trajectories ending in either of the outer two atom layers. Thus if the ballistic trajectories 
have a rate constant k? then BIS is governed by 


k4 = fk? 


*The use of a factor such as a A(2') agrees with Ref. 56 and Eq. (33) of Ref. 108 but not 
with Ref. 9. 
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This identification is necessary to avoid the paradox (Sect. 4.1.3) of requiring a driving 
force of only 0.06 to 0.52 eV to have meaning amongst the violent motions of a cascade. 


The expression for BIS, Eq. (11), is thus of similar form to that for equilibrium seg- 
regation, Eq. (10). This result differs from both Ref. 9 (their Eq. (14)) and Ref. 108 
(their Eq. (34) but not (33)), where the proposed expressions can be written, in the 
present notation, 


aA) rd @A(2’) x K’. (12) 


The difference between Eqs. (11) and (12) is brought out in Fig. 11, with Eq. (12) seen 
to be unsatisfactory. A further point of comparison is that, owing to the presence of v; in 
K’, one can expect the inequality K? < < K°4. 
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Figure 11: The role of site conservation in BIS shown by comparing the subsurface 
composition with the bulk composition, here approximated by @A(2)> for a system with 
K = 3. The two curves show the result when sites are either conserved (Eq. (11)) or not 
conserved (Eq. (12)). Agreement with experiment as in Fig. 3 is obtained only when sites 
are conserved. 


The altered second atom layer acts as a boundary condition for the diffusion-like 
motion which accompanies all particle bombardments, and induces a composition profile 
such as that seen in Fig. 2 to develop extending to roughly (<x> + Ax), i.e. the sum of 
the projected range and the projected straggling. The transport in question can be as- 
sumed to be the ballistic step of the same process as that which leads to BIS and to ion- 
beam mixing. It follows that the effective diffusion coefficient, D`, is just 


D? = (1/6)k°m7A? = (1/6)(k, /f)m7A?, (13) 


where mA is the average length of a ballistic trajectory. At sufficient depths the bulk 
composition is normally resumed unless (trivially) the system is at a sufficiently high 
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temperature that self-diffusion can contribute (100). An approach to the high- 
temperature situation is seen in Fig. 2. 


The simplest treatment of the region depleted by the diffusion-like motion is to as- 
sume a species-independent diffusion coefficient as in Eq. (13), to assume surface re- 
cession at average velocity, v, and either to terminate the motion abruptly at depth, L~, 
or to introduce an appropriate spatially decreasing factor. The diffusion equation appro- 
priate to the first case (diffusional freezing at depth L) is 


da;(x, $)/ðp = Dd alx, 6)/9x°) + val, o)/Ox), 


where ¢ is fluence (dose) and x is depth beneath the surface. The steady-state boundary 
conditions are a4 (x) = aco’) for x = 0 and 


D?(daK(x)/dx), b + vA?) = vas) 
forx = L? (112), leading to the well-known solution 


a; (x) = aiz) — laig) — aiz) exp(~vx/D°) for0 < x <La 
aj (x) 


(3) for x > LÌ. 


Eq. (i 4) is easily fitted to profiles as in Fig. 2 and one thereby obtains explicit values of 
v/D (56). 


4.3.3 Evaluation of K? 


K? can be evaluated in 3 ways: from profiles as in Fig. 2, from AES or XPS (but not 
ISS) analysis of bombarded surfaces as in Fig. 3, and by analyzing information on angular 
distributions (10,25,26). 


The use of profiles is straightforward, as they enable Eq. (11) to be evaluated ex- 
plicitly. Owing to the profiling process being imperfect, however, aA(2) wili normally 
be overestimated so that K will be too small. AES and XPS tend to have significant 
subsurface sensitivity so that, to a greater or lesser extent, they sense ai(2") rather than 
aay This suggests that ai(2) be eliminated between Eqs. (6a) and (11), yielding 


aA (2) aA) Yp/Ya — AG) 1 
Be ee ae (15) 


The approximation is justified whenever Up/U, (Table 4) and Ma7/M3" are of order 
unity. Since the presence of the composition spike at the surface will always cause 
aA) to be overestimated, K` wili again tend to be too small. Finally, one can analyze 
angular distributions. This method avoids the problem of estimating aA (2) precisely but 
introduces a new problem in that it depends totally on the underlying theory (109), con- 
ceived for an infinite continuous medium, being valid immediately next to the surface of 
a semi-infinite crystalline medium. * 


*For example, the theory assumes straight-line motion for the sputtered particles (109). 
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Table 6: Onset temperatures for atomic-scale thermally activated diffusion with the al- 
loys considered in Tables 1 and 4. The second column gives temperatures deduced from 
the knees in Arrhenius plots which separate the regions of radiation-enhanced and 
thermally activated diffusion. The third column is based on information either as in Fig. 
16, where surface composition is measured during bombardment at an elevated temper- 
ature and the approximate temperature interval for the transition from BIS to equilibrium 
segregation can be inferred, or as in Fig. 2, where profiles deepen at a sufficiently high 
bombardment temperature. The final column gives experimental values for the onset 
temperature of equilibrium segregation, a quantity which is definable only if the time scale 
is restricted to “reasonable values". Systems noticeably absent are Cu-Pd and Cu-Pt, 
where the information was not consistent. 


System Onset temper- Onset temperatures Approximate onset 
atures from from information temperatures for 
the knees in as in Figs. 16 equilibrium 
Arrhenius plots or 2 Segregation 
CC) (°C) (°C) 

Ag-Au 350 (9) 350 (120) 300 (120) 

250-335 (9) 
Ag-Pd te sa 400 (126) 
Au-Cu 250-350 (43) 400 (113) 300 (117) 
300-350 (113) 

Au-Ni 650-750 (127) >600 (127) 700 (128) 

Au-Pd sts 400-500 (9) 400-500 (129) 

Cr-Mo ve es ~650 (69) 

Cu-Ni 500-600 (9,98) 400-500 500 (98) 

(120-122) 

Mg-Al i 125 (131) 

Mo-W ~1550 (132) 

Ni-Co ~525 (133) 

Ni-Pt ~450 (134) 

Pd-Ni ~550 (135) 
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Table 7 gives values of K? as deduced in the first two ways discussed, i.e. from in- 
formation as in Figs. 2 and 3. In connection with Fig. 3, Eq. (15) was used in its truncated 
form with Yp/Y, * 1. Figs. 12 and 13 compare values of K” and K°4 for Au-Cu and 
Cu-Ni, which are amongst the most well studied of all alloy systems; similar information 
for Ag-Au is given elsewhere (111). What is striking is that K” and K“4 are always in the 
same sense except for Ni-Pt, that K? lies in the interval 1.25 < K` < 5.4 for 14 out of 
16 different systems, and that for ambient temperature the inequality K < < K*‘ holds. 
The fact that K° and Kĉ? are almost always in the same sense suggests that bombardment 
leads to true chemically driven segregation rather than the closely similar phenomenon 
redistribution (Sect. 4.1.5). The inequality found for ambient temperature, 
K? < < K“, shows, however, that the role of the bombardment is not simply one of 
bringing the system to equilibrium at a normally inaccessible temperature (here ambient). 
We have suggested (67) that what is happening is that BIS is not an equilibrium process 
but depends on the interplay between chemically guided steps (rate k) and the some- 
what more numerous surface-recession steps (rate v;/àA). This is clear from the presence 
of vj in K” (Eq. (11)). 
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Figure 12: The equilibrium segregation ratio, K°%, and the BIS ratio, KP, for Au-Cu as 
a function of temperature. It is clear that, for ambient temperature, the inequality 
K”? << Kĉ holds, suggesting that the role of the bombardment is not simply one of 
bringing the system to equilibrium at a normally inaccessible temperature (here ambient). 
Details are as follows: o, A (BIS evaluated from profiles by combined AES (43,113) and 
ISS (115,116)); ©, A (equilibrium segregation studied by ISS (117,118)). 


Also shown in Figs. 12 and 13 are the onset temperatures for atomic-scale thermally 
activated diffusion as surveyed in Table 6 and based on information such as that in Fig. 
14 (113). These temperatures serve to demarcate the domains in which the two types of 
segregation can be studied separately. The temperature dependence of BIS, like that of 
mixing (42), is seen to be relatively slight. 


Values of K? deduced from angular distributions are given in (10). They tend to be 
erratic but, in general, rather larger than the values in Table 7. 


It is important to realize that the interpretation given here to AES or XPS analysis of 
bombarded surfaces conflicts strongly with most other work, whether from 10 years ago 
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Table 7: Experimental values of the segregation ratios, K? and K°4, for the alloys consid- 
ered in Tables 1, 4, and 6. The second column gives K” as deduced from profiles as in Fig. 
2 using Eq. (1 1). The third column gives the temperature range for the profiles. The fourth 
column gives K` as deduced from AES or XPS analysis of bombarded surfaces as in Fig. 3 
using the truncated form of Eq. (15) (but see notes (a) and (b)). The final column gives 
Kĉ" for the temperature range of onset as summarized in Table 6. 


System 


Ag-Au 
Ag-Pd 
Au-Cu®) 


Au-Ni 
Au-Pd) 


Cr-Mo 
Cu-Ni 


Cu-Pd 
Cu-Pt 


Mg-Al 
Mo-W 


Ni-Co 
Ni-Mo 


Nipt 
Ni-W 


Pa-ni® 


(a) KP was deduced by combining ISS measurements of a ‘Au(2) (115,116) with aau? 
ferred from profiles based on AES (43,113). An example is shown as Fig. 2 of Ref. 67. 


K? from 
profiles 
as in Fig. 2 


1.3-2.7 
(9) 


2.4-3.9 (43, 


113,115,116) 
1.2-4.1 (127) 


1.4-3.1 (9) 


2.5 (119); 
1.7 (9) 


4.5-15 (154) 


1.0-14 (119) 


Tempera- 
ture range 
for the 
profiles 
(°C) 


200-335 


— 120-300 


100-400 
200-500 


ambient; 
200 


ambient 


ambient 


K? from AES 
or XPS 
information 
as in Fig. 3 


2.2 (120, 
136 - 138) 
2.5 (62, 
123,141-143) 


2.4 (145) 
4.3,2.4 
(129,146) 
1.7 (69) 


1.9 (100, 
120-123) 
1.5 (62) 
2.2 (62) 


5.4 (152) 
1.5 (153) 


1.25 (114) 


1.8 (62) 


1.25 
(123,142) 


K“4 for the 
temperature 
range of onset 
as in Table 6 


3.0-3.2 
(139,140) 
1.9 126) 


3.4-5.1 
(117,144) 
55-96 (127) 


~10 (147) 


(Cr segregates 
(69)) 
41-104 (98) 


~2 (148,149) 
~6 

(140,150, 151) 
13-19 (131) 
(Mo segregates 
(132)) 

2.8 (133) 
(would expect 
segreg. of Ni) 
(Pt segregates 
(134,155)) 
(would expect 
segreg. of Ni) 


~50 (135) 


in- 
) KO 
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cannot be deduced from AES or XPS analysis alone since such analysis implies that there is 
no compositional change, i.e. aayo’) © %u(3)- 

©) K? was deduced by combining ISS measurements of aay 2) (9,156) with auc’) in- 
ferred from AES information (129,146). The various data points are included in Fig. 3. 
Effectively we have used Eq. (11) instead of (15). 

tc) We note that in all cases but Ni-Pt it is the first designated species which shows equi- 
librium segregation and which is, at the same time, lost preferentially from the subsurface. 
Quite surprisingly Ni-Pt shows equilibrium segregation of Pt (134,155) and bombardment- 
induced loss of Ni (62). 


@ a significantly lower value of K°4 is also reported (130). 
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(62) or contemporary (114). In this work the conservation relation of Eq. (6a) is used to 
deduce what is supposedly Y,/Yg. Our contention is that what is in every case deduced 
is an approximation to the product (Y,/Yg)K~ and that in many cases the product is 
close to K` itself as in the truncated form of Eq. (15). 
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Figure 13: The equilibrium segregation ratio, K“4 and the BIS ratio, K?, for Cu-Ni as 
a function of temperature. Details are as follows: o, [] (BIS evaluated from profiles by 
ISS (9) or multiple energy AES (119)); A, V, + (BIS evaluated using AES (120,121) and 
the truncated form of Eq. (15). Each point "+" is the average of at least 3 (100, 
120-123)); @, a, ¥ (equilibrium segregation studied by ISS (98, 124) or FIM (125)). 


4.3.4 Application to Compositional Change with Alloys 


It was emphasized in Sect. 4.1.1 that compositional changes with alloys, for example 
Au-Pd, cannot be explained in terms of differences in the surface binding energy. The 
lack of effect is inherent in the scaling Yoascade © 1/ M-™U seen in Eg. (2b), together 
with the recognition that U must be evaluated for a mixture and not for a pure substance 
(Sect. 4.2.3). 


If thermal sputtering were to occur then the above scaling would be replaced with 


A A 
Yithermal = (AH)? exp( — AH®/kT), where T is the "thermal-spike", ie. maximum, 
temperature (16,17). It is true that, because of its exponential form, this relation leads 
to a much stronger effect. However, the evidence for thermal sputtering, at least with 
metals, is still troubled (Sect. 4.1.1). 


This was the situation in 1980 when the proposal was first made that the origin of 
compositional change with alloys was predominantly BIS. There was at the time no ex- 
plicit evidence for such an effect as in Figs. 2 to 4. This information is now available and, 
as already noted in Sect. 4.1.2, the wide-spread occurrence of BIS, at least with alloys, 
must now be regarded as fully established. 
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In practice the following guides can be used to predict compositional changes with 
alloys: 

(a) The compositional change consists in subsurface loss of the component showing 
BIS. As discussed in Sect. 4.1.7, such loss should not be termed "preferential 
sputtering". 
(b) The sense of BIS is normally the same as that of equilibrium segregation. 
However, the magnitude tends to lie within a narrow interval for most systems, 1.25 
< Ko < 5.4, and in addition, for ambient temperature, the inequality K? < < K4 
holds. 
(c) The composition profile is as in Fig. 2, with the atom layer one composition 
given by Eq. (6a) or (6b) and the atom layer two composition given by Eq. (15). 
Because of the nature of the profile, there tends nearly always to be a conflict be- 
tween ISS and AES or XPS, as well as between the sense of equilibrium segregation 
and the sense of compositional change. These conflicts are both apparent in Fig. 
3. 
(d) Beyond atom layer two a deeply penctrating diffusion-limited profile forms 
which is governed to lowest approximation by Eq. (14). This profile causes the 
compositional change to be far more extensive than what would occur for true 
preferential sputtering. 


4.4 THE ROLE OF BOMBARDMENT-INDUCED DECOMPOSITION 
4.4.1 General Comments 


Four separate groups of authors (31-34) have examined a long series of oxides and 
oxysalts by alternately bombarding them and studying the surfaces with XPS. The latter 
serves to detect different valence states, especially of cations and even when the states 
do not give stable bulk compounds. Typical results are reproduced in Figs. 6 (31) and 
15 (33), Table 8 summarizes most of the results of Rabalais et al. (33,157-159) together 
with information on TiO, and V,0,, while Table 9 summarizes various group II com- 
pounds. We note that in earlier work it was more usual to use either electron diffraction 
(160) or AES (1), but neither conveys as much information as XPS as far as valence 
states are concerned. 


Table 9 includes values for the enthalpy increase (eV/atom) corresponding to the 
evolution of the initial substance to oxide. For example, for PbSO, we have PbSO,(s) = 
PbO(s) + SO,(s), whence 2.55/6 = 0.42. 


The trends in Tables 8 and 9 are clear. Fixed valence systems lose a volatile compo- 
nent (O, C, N, S) and at the same time evolve mainly to oxides rather than to carbides, 
nitrides, or sulfides. Variable valence systems lose oxygen and alkali metal or Ba or Ag 
(as is the case) and at the same time evolve towards lower valence states. Table 9 shows 
in addition that the ordering of the extents of decomposition, especially for a given author, 
are similar to the ordering of the enthalpy increases. We also see that increases up to 
about 0.8 eV/atom are tolerated. 
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Table 8: Summary of compositional changes as observed by Rabalais et al. (33,157-159) 
when oxides and oxysalts are bombarded with 4 keV Ar+. The surfaces were analysed by 
XPS. Because of its importance, information on TiO, and V,O, as studied mainly with XPS 
by other authors is included. 


Substance Loss deduced by Fractional loss Ref. 
assuming that one 


cation is fixed 


Li,CO, 0.62CO, + 0.38CO 0.82 (C) (33) 
BaCO, 0.78CO + 0.22CO, 0.84 (C) (33) 
Tio, TY aT ri A (32,82) 
LINO, 0.720, + 0.28N, 0.95 (N) (157) 
NaNO, 0.640, + 0.36N, 0.82 (N) (157) 
navo, vv + vi, vil 0.79 (Na), 0.46 (O) (158) 
v,0,) Yayi RT _ 7 
NaNbO, Nb” + Nb!! Nb 0.84 (Na), 0.53 (O) (158) 
Nb,0,  NbY + Nb! Nb!” 0.43 (0) (158) 
NaTao, TaY » Ta’ etc. 0.54 (Na), 0.48 (O) (158) 
(f) v I I n IV 
Ta O, Ta’ > Ta ,Ta,Ta 0.43 (O) (158) 
Liso, 0.7480, + 0.260, 0.67 (S) (33) 
BaSO, 0.6650, + 0.3480, 0.62 (S) (33) 
Li,Cro, crv! > Cr 0.22 (Li), 0.51 (O) (159) 
Na,CrO, CrV e ae 0.61 (Na), 0.48 (O) (159) 
K,ĈrO, CrY!, cell. Cr 0.69 (K), 0.45 (O) (159) 
BaCrO, crv! > cell 0.13 (Ba), 0.32 (O) (159) 
cr,0,@ unestablished » Cri! none (159) 
Na,MoO, MoV! > MolY, Mo” 0.35 (Na), 0.38 (O) (158) 
Moo,” Mo"! + MoV 0.56 (0) (158) 
Li,WO, wil, w? etc. 0.69 (Li), 0.49 (O) (158) 
Na WO, wre - wo etc. 0.68 (Na), 0.53 (O) (158) 
Ag,WO, wre + WP etc. 0.75 (Ag), 0.54 (O) (158) 
wo, wr! + W? etc, 0.55 (0) (158) 


(@) For example, with Li,CO, Li was taken as fixed, but with Li,CrO, Cr was taken as fixed. 
(b) Only Til" is seen by electron diffraction (44). 


(©) As in Fig. 8 and not Table 3 of Ref. (158). 
(d) Electron diffraction (176). 
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te) Supported by other XPS studies (32,82). Only Nb! is seen by electron diffraction, as if 
any NbO, present were amorphous (160). 

(f) Or else Ta instead of Tal (32). 

(8) Described as "(NH,),CrO," but in fact evolved to Cr,O, in the targe chamber vacuum. 


h) Described as "MoO," but "MoO," is more accurate. Supported by electron diffraction 
(176). 
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Figure 14: Surface (a,y2)) or subsurface (e Au(2)) composition vs. bombardment 
temperature for Aug 5ọCuo,5ọ bombarded with 2 keV Ar* and then studied with low, 
medium, and high-energy AES. The use of LEAES reveals that up to about 250°C there 
is a net subsurface loss of Au due to BIS, whereas over about 350°C there is an overall 
gain of Au due to equilibrium segregation. Since MEAES and HEAES are less sensitive 
tO &Au(2) they show a greater extent of loss at the lower temperatures but nearly fail to 
demonstrate the gain at higher temperatures. Due to Li (113). 
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Figure 15: XPS spectra of metal, O, and S photoelectron peaks from Li SO, and 
BaSO,: (a) and (c) are before Ar+ bombardment; (b) and (d) are after 4 keV Art 
bombardment to a fluence of 2 — 8x10 ` ions/cm*. The targets were in the form of 
compressed powders. We agree with the authors that what is being observed is more 
nearly a chemical rearrangement of atoms displaced within each cascade than, for exam- 
ple, a process related to the thermal spike. Due to Contarini and Rabalais (33). 
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Table 9: Comparison of the extent of chemical alteration with the enthalpy increase per 
atom for divalent nitrates, carbonates, and sulfates bombarded with 3-8 keV Art. The sur- 
faces were analyzed by XPS. 


Substance Fractional evolu- Fractional evol- Enthalpy 

tion to oxide due ution to oxide increase 

to Christie et al. from other work per atom‘) 

(31) (eV/atom) 
Ca(NO,), 0.92-0.94 s 0.30 
CaCO, 0.53-0.57 0.49 (177) 0.37 

we 0.59 (34) 
CaSO, 0.40-0.45 ees 0.60 
Sr(NO,), as above Des 0.40 
SrCO, 0.41 (177) 0.49 
SrSO, a 0.69 
Ba(NO,), as above lees 0.46 
BaCO, 0.35 (177) 0.56 

0.76 (33) 

BaSO, 0.38 (33) 0.80 
Pb(NO,), 0.99 es 0.22 
PbCO, 0.93 ae 0.18 
PbSO, 0.83 Ss 0.42 
CoCO,, MnCO,, 0.80-0.83 (34) 0.09-0.24 


NiCO,, ZnCO, 


(a) Obtained by dividing the enthalpy change for oxide formation, e.g. for PbSO,(s) = 
PbO(s) + SO,(s), by the number of atoms in the formula of the starting substance. 


126 Handbook of Plasma Processing Technology 


The results for various oxides, this time of a wider group of authors, are summarized 
in a different way in Fig. 16, which shows the enthalpy increases (eV/atom) for the ob- 
served changes vs. the number of atoms in the formula of the starting substance, i.e. the 
"complexity" of the substance. The trend here is that a system will tolerate enthalpy in- 
creases up to about 0.7 eV/atom (marked with arrow), this result being independent of 
the "complexity"; the systems HfO,, Nb,O,, SnO,, Ta,O,, WO,, and ZrO,, however, 
constitute exceptions. We will overlook the stability found for Cu,O (161), as this sub- 
stance lies near the limit of 0.7-0.8 eV/atom. We will also overlook the instances in which 
ALO, (1) and PbO (162) were claimed to lose O, as well as certain instances with Ta,O, 
(1), as the work in question was carried out under near-threshold conditions as in Fig. 1. 


There are at least four ways to rationalize results as in Table 8, Table 9, and Fig. 16. 
The first concerns the surface binding energy, while the remaining three are different as- 
pects of bombardment-induced decomposition. 


V5 20 2.5 3.0 3.5 40 
ATOMS PER FORMULA 


Figure 16: Diagram of enthalpy increase per atom (eV/atom) vs. atoms in the formula, 
i.e. the "complexity", for various bombarded oxides. A solid line indicates that the oxide 
reduced, a dashed line that it did not, with the two categories separated at about 0.7 
eV/atom (arrow). This figure constitutes a trend analysis appropriate to energy-limited 
rearrangement as discussed in Sect. 4.4.4. Details are as follows: column 1.5 (reduction 
to metal), column 2.0 (reduction to Cu, Pd, Cu,O, Pb, Ni, Co, Sn, Zn, Nb), column 2.5 
(reduction to Fe,O,, VO, TiO, Fe, Cr, Al), column 3.0 (reduction to PbO, Ti,O,, Pb, 
SnO, TiO, Mo, Si, Zr, Hf), column 3.5 (reduction to NbO,, V,O,, interpolated TaO,, VO, 
NbO, interpolated TaO, Ta), column 4.0 (reduction to Cr,O,, UO,, MoO,, WO,, Cr, Mo, 
U, W). 
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4.4.2 Surface Binding Energy 


We have already discussed in detail in Sect. 4.2.6 the possible role of the surface 
binding energy in governing compositional changes with oxides and oxysalts. In brief, for 
oxides of group III and beyond and which are reasonably ionic, the anion binding energy 
at an undisturbed surface should be distinctly lower than the cation binding energy, an 
effect which is tentatively supported by experiment (Fig. 7). The binding energy argument 
would be particularly relevant to the exceptions noted above: HfO,, Nb,O,, etc. The 
problem, as with the role of mass (Sect. 4.2.6.2), is the lack of universality: e.g. why do 
ALO,, Cr,0,, and SiO, not show extensive O loss? 


4.4.3 Stochastic Rearrangement 


Suppose that during the active phase of a cascade the atoms of, for example, PbSO, 
become interchanged or otherwise uncoordinated. Then in the cooling phase of the cas- 
cade the system would tend to re-establish local order and one possibility is that the new 
order, thence stoichiometry, would form randomly. To some extent this would be guided 
by partial loss of a volatile species, by diffusional transport, or by BIS (Sect. 4.4.4.4, to 
follow). One would then expect a wide range of products, with PbSO,, for example, 
evolving to a mixture of PbO, Pb, and PbS. Since this is contrary to what is observed as 
the dominant process ((31); Table 9), stochastic rearrangement is evidently not the most 
important process. Nevertheless, an element of such rearrangement is probably relevant 
with most systems, as follows from these examples. CoO is largely stable but evolves to 
a small extent to Co? either at ambient temperature (82) or at >550 K (163). NiO yields 
Ni? at 2400 K (163). Fe,O, evolves mainly to Fe but with some Fe? also present (82). 


4.4.4 Energy-Limited Rearrangement 


We again suppose that a bombarded system tends to first become uncoordinated but 
finally to re-establish local order. Then another possibility is that this change is energy 
(enthalpy) limited, i.e. constitutes what is effectively a bombardment-induced phase 
change. For example, PbSO,, known to evolve mainly to PbO rather than Pb or PbS (31), 
will be assumed to do so because the energy increase is 0.42 eV/atom in the first case, 
0.80 in the second, and 1.42 in the third. One is thus again dealing with energy differences 
which, in units of eV/atom, are similar to those involved in BIS and mixing (Table 1). 


The argument at this stage is imperfect, as it does not explain why the system did not 
return to PbSO,, given that PbSO, constitutes the lowest energy state. By contrast, in 
BIS and mixing the final state that is observed is that of lowest energy. One can propose 
a number of reasons why the system might tend to avoid the state PbSO, (or whatever 
was the ground state), although, as will be clear, no one explanation appears to cover all 
systems. 


4.4.4.1. Mass Differences. Mass is most clearly relevant under near-threshold condi- 
tions, including with ALO, (1), PbO (162), and Ta,O, (1). Nevertheless, even at higher 
energies near-threshold behavior might be expected for large enough mass differences, 
and this would explain why WO, reduced to products including W` but MoO, mainly to 
Mo , or why Ta,O, yielded products including Ta or Ta but Nb,O, stopped at Nb"! 
(Table 8). A „Still more general role for mass is suggested by the relation 
Y, œa 1/M amy; (Eq. (2b)) and was in fact advocated by Malherbe et al. (6). As 


cascade 
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noted previously (Sect. 4.2.6.2), however, this general role would suggest that all oxides 
(except, e.g., BeO) would behave similarly and reduce to pure metal, at least at the outer 
surface. We therefore tend to discount it. 


4.4.4.2 Bombardment-Induced Amorphization. If the amorphization process is taken 
as being equivalent to fusion, then with PbSO, one can expect a ground-state energy in- 
crease of 0.07 eV/atom, whence a decrease in the energy needed for formation of PbO 
from 0.42 to 0.35 eV/atom. This is an unimportant change, though with some systems the 
change is larger, e.g. about 0.26 eV/atom (average from (164)) for oxides of the type 
MO,,. Indeed, as seen in Fig. 18, the latter change is sufficient to justify the recent claim 
that bombarded SnO, evolves to SnO (165). 


4.4.4.3 Point-Defect Accumulation. Fecht and Johnson (166) have argued that 
point-defect accumulation can cause a phase to become unstable. For example, they show 
that Al would amorphize if it acquired 5% vacancies, a number that is obtained by com- 
paring the vacancy formation energy (0.7 eV (8)) with the heat of fusion (<0.11 eV for 
temperatures below the glass transition temperature (166)). Considering now PbSO,, 
then a possible (though simplistic) description of a high oxygen vacancy concentration is 
the formation of PbSO,, leading to a ground-state energy increase of <0.43 cV/atom. 
With such an increase, together with amorphization, it is possible that PbSO, would be- 
come unstable. 


4.4.4.4 Volatility, Diffusional Transport, BIS. To some extent the evolution of 
PbSO, to PbO will be conditioned by the volatility of O,, SO,, and SO,. This effect is 
clearly not as important as it might seem, however, as it would be expected to lead to a 
universal decomposition of all oxides and oxysalts, for example Al,O,, Cr,O,, and SiO,. 
Ease of diffusional transport is somewhat different and, in principle, plays a role with se- 
lected systems. From a thermodynamic point of view these should either not lose O at all 
(HfO,, SnO,, ZrO,) or should lose less O than is observed (Nb,O,, Ta,O,, WO,). The 
key may lie in the fact that in most cases the diffusion coefficient for O transport in 


understoichiometric material is unusually large. For example, (apt) !/ 2 is about 1 nm for 
O transport in 10 min at 450 K with ZrO,_, (167,168), while the corresponding distance 
for NbOs_, is about 10 nm (167,169) and for MoO, (MoO3_,?) about 2 nm (170). (We 
give results for MoO, since there is a lack of information on WO,.) 


An intriguing example is that of CoO and NiO, which in one AES study showed 
bombardment-induced decomposition only at elevated temperatures (163). MnO was 
stable up to 900 K. Are these to be considered examples involving diffusional transport 
or stochastic rearrangement (Sect. 4.4.3)? 


Finally there is BIS. Very little is known about this effect with oxides or oxysalts ex- 
cept for the unique example of Na,O-SiO, (38). Here bombardment led to a profile like 
that of an alloy as in Fig. 2, thence to Na loss. 


4.4.5 Equilibrium Rearrangement 
If the system underwent equilibrium decomposition at the transient high temperature 


("thermal spike") which is conventionally assumed to exist during the cooling phase of a 
cascade, then changes essentially as observed could be expected. This was the point of 
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view taken to explain O loss from oxides (19) and the loss of both alkali metals and other 
volatile species from oxysalts (Fig. 15 (158)). We note, first of all, that this mechanism 
does not avoid the problematical cases such as HfO,, Nb,O,, etc.: i.e. just as they lie at 
the top of Fig. 16, they also lack volatility. 


fog (DECOMPOSITION PRESSURE /atm) 


3x4 4xio-4 511074 
(TEMPERATURE /K)-! 


Figure 17: Decomposition pressure vs. 1/T for oxides and oxysalts at very high tem- 
peratures. Those lying above MoO, (including, for high enough temperatures, N, WO, 
and Na,MoO,) show a bombardment-induced loss of O, whereas the others do not. The 
separation between the two groups occurs at about 10' atm for a temperature of ~4000 
K. This is a similar kind of trend analysis as that shown in Fig. 16 except that it presup- 
poses the validity of equilibrium rearrangement as discussed in Sect. 4.4.5. Due to Ho et 
al. (158). 


The mechanism has never been properly tested, the current situation being that most 
tests are either a trend analysis as in Fig. 17 or Ref. 19, or are based on experiments 
(20,21) which are inconclusive. Our position is the same as that taken elsewhere (111) 
with BIS and mixing. Although we cannot disprove a thermal-spike interpretation we can 
propose an alternative in which chemical energy differences are important (a) without 
regard to the inequality (111 171), 


(driving force) 2 kT, (17) 


and (b) without violating the problem of a phase explosion (Sect. 4.1.1). The alternative 
was given in Sect. 4.4.4. 


A further general objection also exists in that the mechanism requires chemical 

ip a to gorcur in an assumed equilibrium during a time interval similar to 

to 10° s. By contrast the process discussed in Sect. 4.4.4 is essentially open ended 

in time. For example, with BaSO, a change in the O XPS peak was reported to take place 

over ~3 hours (33), while bombarded alloys have been shown to undergo BIS for up to 
10 minutes after the end of the bombardment (Fig. 4). 
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SnO, presents a novel sort of objection. It is known to evolve to SnO (165), but since 
the latter is not stable above ~270°C (172) equilibrium rearrangement can be excluded. 


4.5. OVERVIEW 


The main theme of this Chapter is that compositional changes with bombarded alloys, 
oxides, oxysalts, and halides are normally not due to preferential sputtering but rather to 
surprisingly weak chemical driving forces (Table 1). Preferential sputtering enters in two 
ways: (a) It occurs as a mass-related preferential loss under near-threshold conditions 
(Fig. 1), possibly under not-quite-threshold conditions if the mass difference is large 
enough (WO, vs MoO,), and with isotopes. (b) It occurs tentatively due to the surface 
binding energy in the case of reasonably ionic oxides of group IMI and beyond (Sects. 4.2.5 
and 4.2.6). In a formal sense, preferential loss based on differences of volatility (thermal 
sputtering) would also constitute preferential sputtering but the evidence for it is prob- 
lematical (Sects. 4.1.1 and 4.4.5). 


Rather, we have emphasized that weak chemical driving forces play a major role role 
in bombarded targets even when, for reasons of the extreme energy disparity, it might be 
difficult to understand why this should be so. With BIS the basic result is that bombarded 
alloys show segregation in the same sense, although to a factor of 10-100 lesser extent, 
than equilibrated alloys (Fig. 12, Fig. 13, Table 7). The driving force is 0.06 to 0.52 
eV/atom (Table 1) and we have suggested (see after Eq. (11)) that the result becomes 
understandable if a fraction f of ballistic trajectories ending in either of the outer two 
atom layers is followed by a low-energy, chemically guided step, while BIS thus resembles 
mixing. We have further suggested that BIS is the single most important reason for com- 
positional change with alloys (Sect. 4.3.4). 


Finally we have considered what has been termed bombardment-induced decompos- 
ition. This is a multifaceted phenomenon in which bombarded oxides lose O, sulfates lose 
S and O, and other systems lose, as is appropriate, alkali metal, Ba, Ag, C, N, etc., the 
result being an energy increase of $0.8 eV/atom (Fig. 16). The idea of a chemical driving 
force is here at first sight unfavorable in that the "ground state" (e.g. PbSO,) has a lower 
energy than the observed product (e.g. PbO). The point of view of Fecht and Johnson 
(166) is relevant, however, which is that if there are sufficient bombardment-induced 
vacancies (simplistically, conversion of PbSO, to PbSO,) then the ground state will be 
unstable. This is how Fecht and Johnson described bombardment-induced amorphization 
and other phase changes, processes which we see now to be related to those that are dis- 
cussed here. Besides point-defect accumulation, the changes will also be aided by 
amorphization, volatility, diffusional transport, and BIS. 


We have shown that the alternative of a stochastic loss of components is not as viable: 
PbSO, docs not cvolve significantly to Pb or PbS. Nor, however, can it be excluded as 
playing at least a minor role in view of such systems as CoO, NiO, and Fe,O,, which yield 
small amounts of Co°, Ni?, and Fe? inspite of the large energy increases (Fig. 16). Like- 
wise, equilibrium loss at a transient high temperature runs into the various problems as- 
sociated with thermal-spike descriptions. These are (a) Eq. (17), (b) phase explosion, (c) 
the severely proscribed time-scale, and (d) the evolution of SnO, to SnO, which is stable 
only at low temperatures (Sect. 4.4.5). 
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Figure 18: Energy distributions 
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distribution at 485°C, as if the 
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OPa. AEC arrangement (a distinction is not 
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et al. (173). 
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An important source of information has not yet been considered, namely sputtered 
particle energy distributions as in Fig. 18 (173). They have apparently never been ob- 
tained for the various oxysalts dealt with here and only rarely for oxides, but if the results 
of Fig. 18 are accepted at face value they imply that ar 485°C the MoO,(g) was released 
by either a stochastic or energy-limited rearrangement (a distinction is not possible) at the 
particular ambient temperature but in no case by an equilibrium rearrangement at a very 
high temperature. Related examples are known from work on laser-pulse sputtering, as 
when the species P and P, are released from GaP and give time-of-flight spectra appro- 
priate to the ambient temperature (174,175). 
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RF Diode Sputter Etching and Deposition 


Joseph S. Logan 


5.1 INTRODUCTION 


5.1.1 History 


The process of sputtering and sputter-etching has been studied and used for over 100 
years. Sputtering of insulating materials was difficult, using dc, due to the problem of 
neutralization of the charge carried to the surface of the insulator by the gas ions, with the 
consequent difficulty of maintaining an accelerating voltage between the surface of the 
insulator and the plasma. Methods of dealing with this problem include the use of neu- 
tralized ion beams and the use of independently supported discharges, both of which in- 
volve a degree of complexity greater than conventional dc discharges, and sometimes 
cannot be applied over large areas. In 1962, Anderson, Mayer, and Wehner (1) following 
an earlier proposal by Wehner (2) reported the successful use of capacitively coupled high 
frequency potential to sputter-etch insulating materials. 


In 1965, Davidse and Maissel (3) reported the use of a simple parallel-plate diode 
apparatus using rf power at 13.56 MHz, to sputter-deposit insulating films. Since then, 
many other variations of electrode geometries, frequencies, and power control methods 
have been demonstrated in the sputter-deposition or sputter-etching of insulating materi- 
als and substrates. All of these applications make use of the large mobility difference 
between electrons and ions to provide a negative bias between insulator surface and 
plasma, as explained in section 5-2. 


RF sputter-etching has proved to be extremely useful in the semiconductor industry 
for cleaning of integrated circuit metallization via contact holes, because of the insulating 
nature of the substrates, and because of the relatively low pressure discharge which min- 
imizes backscattered material. It has also been very useful as a pretreatment to insulating 
surfaces prior to film deposition, to improve adhesion of the deposited film. Many evap- 
oration and sputter-deposition systems (dc or rf) are provided with the ability to rf 
sputter-etch prior to deposition. Sputter etching is often used for pattern transfer, but 
because sputter-etching (dc or rf) is a high-energy process, it is rarely used for patterning 
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thick films, except when the energy requirements can be lowered by using chemical re- 
action (RIE) (see later chapter). 


The major usefulness of rf sputtering is for the deposition and etching of insulators 
which cannot easily be done with dc because of substrate and target charging. RF sputter 
deposition is widely used for insulators such as silicon oxide, aluminum oxide, and other 
oxides where the substrate temperature limits preclude other techniques, or where com- 
positional control is easier to achieve than for alternate methods and the films or targets 
are insulating. Large deposition areas can be coated uniformly without the need for 
substrate motion, and films can be sumultaneously ion- bombarded during deposition to 
improve properties (bias sputtering) as has been done with conductive films/substrates 
and dc sputtering. Deposition by reactive rf sputtering has the advantage over dc sput- 
tering that the oxides formed on the cathode surface do not charge up and break down in 
destructive arcs. 


Rf sputtering has been reviewed before by several authors; in 1970 by Maissel and 
Glang (4), in 1971 by Vossen (5), and in 1980 by Chapman (6). This article again re- 
views the subject in brief, adding more detail on the practical aspects and developments 
since 1980. 


5.2 RF DISCHARGES 
5.2.1 Breakdown 


Breakdown of a gas by rf electric fields has been studied in the past by many re- 
searchers. An extensive discussion of rf discharges is given by Jackson (7) in his review 
article. In general. rf capacitively coupled discharges can be started and maintained at 
lower pressures than de discharges. The minimum pressure at which discharges can be 
maintained decreases with increasing frequency. The reason for this is that additional 
ionizing collisions can be induced by the rf field acting on electrons within the plasma to 
increase their energy. 


5.2.2 RF Self-bias 


At each boundary of a capacitively coupled rf discharge, a depletion, or space-charge 
layer is induced by the rf field, similar to the sheath observed around a probe or at the 
cathode of a de discharge. Electrons are repelled from this layer over most of the rf cycle, 
resulting in a positive time- averaged space charge. To preserve charge neutrality overall, 
a time-averaged negative charge accumulates on the surface of the insulating boundary. 
The buildup of this negative charge on the surface of an insulated electrode connected to 
a high frequency voltage, and in contact with a plasma was first explained simply in a 
paper by Butler and Kino (8). The key principle is that with no dc path through the in- 
sulated electrode, the average flow of ions and electrons to the electrode surface during 
each cycle must be equal to preserve charge neutrality. The electrons, being highly mo- 
bile, can easily provide enough charge over a small fraction of the cycle to neutralize the 
positive ion charge which flows during the majority of the cycle. Thus, within the first rf 
cycle, a large electron flow establishes a negative charge at the insulator surface in re- 
sponse to the first positive voltage swing. Subsequently, a nearly steady saturated ion 
current flows during most of the rf cycle, except during a brief period near the positive 
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maximum, when a pulse of electron current restores the negative charge lost during the 
rest of the cycle. The insulator potential relative to the plasma must be positive only a few 
volts to draw saturation electron current. This means that the average (dc) sheath voltage 
is normally negative and within a few volts of the peak rf voltage after transients have 
decayed. This is illustrated in Fig. 1, for a typical plasma density. The two particle cur- 
rents, ionic and electronic, are plotted vs time, in Fig. 2. Not shown is a large displace- 
ment current which corresponds to the oscillation of the sheath-plasma boundary as the 
sheath field fluctuates. This displacement current is not sinusoidal, due to the non-linear 
charge- voltage characteristic of the sheath, but is approximately 90 degrees ahead of the 
sheath voltage. 
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Fig.2.2.1 Voltage at an rf Plasma Boundary 
Figure 1: Voltage at an rf plasma boundary 
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Fig.2.2.2 Current Flow at a rf Plasma Boundary 
Figure 2: Current flow at an rf plasma boundary 
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5.2.3 Frequency Effect 


At low frequencies, most of the applied voltage at the cathode appears across the 
dielectric target plate, and the remainder of the voltage is easily screened from the plasma 
by the resultant flow of either electrons or ions during the relatively long cycle time, so 
that the average potential between insulator surface and plasma is nearly zero. At higher 
frequency, less of the applied rf voltage appears across the insulator and there is insuffi- 
cient time for the ion flow to completely neutralize induced charge at the insulator surface 
during the negative excursions. The large electron flow during positive excursions easily 
prevents large positive potentials from forming with respect to the plasma. The "crosso- 
ver" frequency for the self-bias effect is usually estimated to be about 1 MHz, but in fact 
is somewhat dependent on the target capacitance and external circuit capacitance as well 
as on the gas composition. 


5.2.4 Electrical Models 


The simplest electrical model of a diode-type system shown in Fig. 3 was first pro- 
posed by Koenig and Maissel (9), based on the representation of each sheath boundary 
as a simple capacitor in parallel with a diode and a resistor. The diode carries the large 
electron current flow during positive excursions, the resistor represents the energy con- 
sumed by the ions falling through the boundary potential, and the capacitor represents the 
storage of charge (unscreened positive ions) at the boundary in response to the rf voltage 
difference. 


VRF 
CATHODE 


DIELECTRIC PLATE 


CATHODE SHEATH 


PLASMA 


SUBSTRATE SHEATH 


GROUND RF RETURN 
(SUBSTRATE AND CHAMBER WALL) 


Figure 3: Simple model of an rf diode discharge 


For most gases at frequencies above 1 MHz, this is a reasonable representation. The 
largest rf current is the capacitive component. The resistive component is usually less than 
20% of the capacitive component, except for electronegative gases, where the discharge 
can become nearly resistive, with little sheath charge storage. 


Koenig estimated the value of the capacitance by using the familiar Child Langmuir 
equation for a dc sheath to calculate the sheath thickness, and assumed that the 
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capacitance value is that of a vacuum capacitor with the sheath thickness and area. This 
simple model was used to show that the de (and rf) voltage ratio between cathode and 
substrate sheaths was inversely proportional to the 4th power of the cathode to substrate 
area ratio in a simple diode system. Coburn (10) tried to verify the area-ratio/voltage- 
ratio relationship, and found that it was not valid for area-ratios far from unity. Horwitz 
(11) made detailed measurements in a stainless steel electrode system which showed the 
complex relationship in Fig. 4. Godyak (12,13) has analyzed a diode system for a re- 
stricted range of conditions (frequency, pressure), and developed integral equations for 
the voltage ratio which must be evaluated numerically. Others (14-16) have recently at- 
tempted to model the voltage ratio relationship, with qualitative experimental agreement, 
but no comprehensive model has evolved as yet which can accurately predict the voltages 
or voltage ratios for a wide range of system geometries. Nevertheless, the simple model 
of Fig. 3 is still uscful for qualitative understanding of multi-clcctrode rf discharge systems 
if one recognizes that 1) the capacitances determine the rf voltage division, and 2) the 
capacitances are proportional to electrode area and inversely proportional to the square 
root of peak rf sheath voltage (approximately). Figure 5 is a model of a 3-electrode sys- 
tem (cathode, substrate, and wall) which is applicable to most paralle!l-plate systems in 
use today. RF power is normally applied between cathode and wall electrodes, and the 
resulting discharge carries rf current from the cathode and divides it between the wall and 
substrate in some ratio, depending on the relative areas of each, and on the return path 
impedance from the substrate to the wall (which is usually ground). If the substrate is 
powered from a second generator as in Fig. 6, then the resulting current through the 
substrate and into the wall can be adjusted to any value depending on the relative phase 
and power applied, assuming that a common exciter frequency is used. If the applied 
substrate voltage is in phase with the cathode voltage, then the resulting rf currents will 
add in the plasma and flow to the wall, giving a larger wall-to-plasma voltage. If the 
voltage is out of phase with the cathode, then the rf current will subtract in the plasma 
giving a small wall-to-plasma voltage. 
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Figure 5: Model of a 3-electrode rf discharge (single generator) 
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Figure 6: Model of a 3-electrode rf system (2 generators) 


The important thing to understand about rf sputtering systems operating at frequen- 
cies above 1 MHz is that the voltage developed at any boundary with the plasma depends 
on the rf current density flowing through the boundary and on the plasma density. This 
rf current flows through the boundary capacitance creating a boundary rf voltage drop to 
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the plasma. This rf voltage is rectified by the highly mobile electrons so that the average 
(dc) value developed is approximately equal to the peak rf voltage. Thus, the sputtering 
(dc) voltage is intimately related to the rf voltage at each electrode or boundary. The 
sputtering ions respond primarily to the dc field at the boundary, and only very weakly to 
the rf field. Ions gain sputtering energy up to the average dc voltage at each sheath. At 
higher pressures (> 50 mTorr), charge exchange collisions in the sheath cause the energy 
distribution to spread to lower energies, which can lower the total yield of sputtered ma- 
terial. 


5.3 EQUIPMENT 
5.3.1 System Designs 


The earliest rf deposition systems in practical use were simple diode parallel-plate 
systems, as shown schematically in Fig. 7. Use is sometimes made of axial magnetic field 
to enhance the plasma density, and a frequency of 13.56 MHz is widely used for 
excitation because of the ease of compliance with FCC rules and ready availability of 
equipment. The rf power is typically connected to the cathode electrode through a cable 
and a matching network which serves to maximize power transfer from the rf generator. 


SHIELDED 
MATCHING 
NETWORK RF COAX 
CATHODE SHIELD 
VACUUM CATHODE (WATER-COOLED) 
CHAMBER 


WITH DIELECTRIC PLATE 
GROUNDED SUBSTRATE 


Figure 7: Early diode rf sputtering system 


In a deposition system, the substrate may be placed on a grounded surface, typically 
at a spacing of 2 to 5 cm from the dielectric source. For some applications, it is desirable 
to bias (sputter-etch) the substrate during deposition, so the substrate support is con- 
structed like a second cathode, as in Fig. 8. Cooling is often required, because of the ion 
and electron bombardment at the substrate,.and heat transfer between the substrate and 
its support can be a problem. 
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Figure 8: Substrate bias added to diode system 


For rf etching purposes, rf power is applied to the substrate electrode, usually a 
water-cooled cathode on the bottom as in Fig. 9. Additionally, a counter-electrode, 
sometimes called a "catcher" (17) is often used in close proximity opposite the substrate 
to be etched, in order to minimize backscattered material. The "catcher" may contain a 
pattern of deep holes or annular rings in which to trap sputtered material. 


VACUUM HOLLOW "CATCHER" 
CHAMBER ELECTRODE (GROUNDED) 
WATER-COOLED 
SUBSTRATE ELECTRODE 
SHIELDED 
MATCHING 
NETWORK RE SOA% 


Figure 9: Sputter-etch system 


As with dc sputtering systems, other geometries can be used, such as cylindrical or 
rectangular cathodes, but as system size increases, there is the possibility that non- 
uniformities in sputtering will be experienced due to either inductive voltage drops, or due 
to standing waves in the plasma itself. The author has had experience with a small parallel 
plate system at a frequency of 40 MHz, in which a non-symmetrical rf connection to the 
cathode resulted in a deposition profile which was non-symmetric (higher rate closer to 
the point of rf attachment). Also, a large cylindrical rf sputtering system with a cathode 
diameter of 20 cm and length 1 m was found to have a significant sputtering rate variation 
along the axis when used with an axial magnetic field at 13 MHz. In the case of the small 
parallel-plate system, the non-uniformity could be attributed to an inductive vollage drop, 
and in the coaxial case at lower frequency, standing waves in the plasma is the more likely 
reason. 
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An unusual rf system design was reported by Holland (18) in which the target is at- 
tached to a split cathode. The cathode is then driven by a balanced rf drive (i.e. un- 
grounded but equal amplitude, oppposite phase) as shown schematically in Fig. 10. This 
arrangement allows a grounded substrate to be biased with respect to the plasma by un- 
balancing the drive. 


RF 


DISK 
VACUUM RING 
CHAMBER 


} CATHODE 


SUBSTRATE TABLE 
(GROUNDED) 


Figure 10: Balanced rf drive system 


5.3.2 Cathode Design 


In most systems, the target material is a plate which is thermally bonded to a water- 
cooled metal electrode. The bonding agent may be indium or indium-tin solder, or it may 
be a conductive epoxy. In some applications, a thermal grease may be used. A grounded 
metal shield surrounds the metal electrode at a close spacing, typically 3 mm, to prevent 
sputtering of the metal electrode. Often, the target plate is allowed to extend beyond the 
edge of the metal electrode to better shield the metal from sputtering. Alternatively, 
shielding can be accomplished by burying the metal electrode in a dielectric cavity as in 
Fig. 11 which minimizes stray capacitance. Another alternative is to incorporate the metal 
electrode as part of the chamber wall, as in Fig. 12. This last alternative substantially re- 
duces stray capacitance-induced losses, especially for large diameters. 
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Figure 11: Dielectrically shielded cathode 
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Figure 12: Drop-in rf cathode 


A large amount of heat may be deposited at the target surface by the bombarding 
ions, so it is important to have adequate cooling. In extreme cases of high power opera- 
tion, the target surface temperature may exceed the sublimation temperature (19), and 
material may be evaporated as well as sputtered. For this reason, with poor thermal 
conductors it is preferable to use a thin target, although there must be a practical com- 
promise with the useful life of the target plate, and with the need for mechanical strength. 
Dielectric glasses such as SiO, are typically used in thicknesses of about 6 mm. Lossy 
materials may be destroyed by self-heating when used as an rf cathode, if not thin enough 
to allow adequate cooling. 


5.3.3 RF Power Supply 


In most modern equipment, rf power is supplied by a physically separate commercial 
generator, crystal-controlled, which is coupled to the vacuum deposition or etching appa- 
ratus by a coaxial cable. Since the electrical impedance of the discharge is usually much 
lower than the cable impedance (typically 50 ohm cable), a matching network must be 
provided to transform the discharge impedance to the cable impedance. This matching 
network is normally constructed or mounted in intimate contact with the vacuum chamber 
cover or plate which contains the rf electrode to allow proper shielding from stray radi- 
ation. Thus, the coaxial cable is connected to a bulkhead fitting in the shield box covering 
the matching network/system cover. 


In the case of a separately biased substrate electrode, rf power can be supplied in a 
number of different ways. The most common way is to provide a separate power ampli- 
fier, driven by a common exciter, which is then coupled by rf coaxial cable to a matching 
network at the substrate electrode mounting plate and shielded in a manner similar to the 
cathode matching network (Fig. 13). This provides the ability to adjust the phase of 
substrate voltage relative to cathode voltage by introducing an adjustable delay-line be- 
tween exciter and power amplifer, and an independent control of substrate power. It also 
adds a degree of rf isolation between the substrate circuit and the cathode circuit, but the 
two are usually coupled anyway by a common plasma. 
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Figure 13: Power-splitting rf drive 


Less expensive passive power-splitting networks such as the one shown in Fig. 13 can 
be used, but may result in regions of instability and very sensitive tuning due to the 
interdependence of cathode and substrate power. A simpler method for substrate bias 
adjustment which does not require a separate cable and full matching network is the tuned 
substrate (20) method of Fig. 14. Here there is no independent phase and magnitude 
adjustment, but a useful range of magnitude of substrate bias can be obtained simply by 
adjusting the impedance between substrate and ground. It is important to minimize the 
stray capacitance in the substrate assembly and to minimize wall area to get the greatest 
possible range of substrate bias. 


MATCHING 
NETWORK 


Figure 14: Tuned substrate bias adjustment 


5.3.4 Matching Networks 


In order to deliver rf power effectively through a coaxial transmission line, it is nec- 
essary to transform the load impedance to match the coaxial line impedance (usually 50 
ohms resistive). A very commonly used network for this purpose is shown in Fig. 15. 
Over a wide range of frequencies, the load impedance is capacitive, dominated by the 
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cathode sheath charge storage, and by the stray capacitances of the electrode structure 
itself. 


| MATCHING | 
RF IN | NETWORK | LOAD 


Figure 15: Common L-type matching network 


The equations that predict the appropriate series and shunt elements for this matching 
network to transform a load whose series equivalent representation is Ry and X,, are 
given as follows: 


X, = -K + V(RiRo - Ri) 


— Ro 


X, = — 
V ( a 1 
Ro 
R, is the coaxial line impedance, usually 50 ohms. The elements X, and X, are as shown 
in Fig. 15 and are usually capacitive and inductive, respectively. The signs associated 
with these reactances are positive for inductive and negative for capacitive elements. It 
is important to note that the network cannot transform loads with resistive (series) parts 


which are in excess of the coaxial line impedance. This is not usually the case, but if it 
should be, the L-network can be reversed. 


Values for the discharge load impedance have been measured by various researchers 
(21,22). These values can be used to predict values for the matching network, by adapt- 
ing them to a specific system geometry (electrode areas, stray capacitances and 
inductances), and using the equations given above. 


5.4 RF SPUTTER-DEPOSITION 
5.4.1 Direct rf Sputter-Deposition 

The widest use of rf sputter deposition has been the direct sputtering of insulating 
compounds, such as SiO,, AL,O,, BN, Si,N,, Ta,O,, HfO,, and other oxides and glasses. 


These have been studied for a variety of uses. The high dielectric constant materials are 
attractive for capacitors (23) and the low dielectric constant materials are useful for thin 
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film circuit applications on silicon integrated circuits as well as on other substrates. An- 
other common use is for protective coatings. 


In many cases the target materials can be obtained in reasonably pure form as a glassy 
or sintered disk, which may be attached to a metal electrode as described in section 5.3.2. 
This is the case with SiO,, Al,O,, Cr,O,, and glasses such as Pyrex ®, which are easily 
joined to a metal backing plate. In other cases, the brittleness of the target material may 
create mechanical problems either initially, or during use. These problems are not unique 
to rf sputtered materials. However, one problem that is unique to rf sputtering is the 
problem of dielectric heating by the rf current in the target. If the material is inherently 
lossy at the rf frequency used, then heat will be developed which can cause destructive 
failure of the target itself or of the joint to the backing plate. Materials which have been 
rf sputtered successfully in spite of their relatively high loss factor at 13.56 MHz are Pyrex 
®, graphite, and silicon. 


As with dc sputtering, argon is most frequently used as the sputtering gas for the same 
reasons. The mass of argon is high enough so that there is little interaction of the rf field 
with argon ions at 13.56 MHz. Tsui (24) has calculated this interaction and shown that 
light gases such as helium will interact with the rf field at 13 MHz sufficiently to cause a 
significant spread in the arrival energies of the ions, but not much for argon. Xenon, 
Neon, and Krypton have all been used by experimenters, but do not appear to have suf- 
ficiently higher sputtering yields to justify the higher costs in some cases, nor even a 
higher yield in others. 


5.4.2 Film Composition 


Since there are practically no elemental insulators of interest, most insulator sputter- 
deposition applications involve compounds, usually oxides or nitrides, and occasionally 
carbides or high resistivity semiconductor compounds where there may be significant 
difficulty in carrying out de sputtering, or where the lower pressure discharge is attractive 
to enhance film purity and reduce backscattering. Complex compounds are rarely trans- 
ferred from the target to the substrate in exactly the original composition. Nevertheless, 
the film composition in many cases is sufficiently close to that of the target that no ad- 
justment is necessary for useful properties. This is the case with SiO, and ALO,. In other 
cases where one component is particulary unstable, eg. glasses containing lead oxides, a 
significant loss of one component may be found, requiring either that the substrate be 
cooled, or that excess material be introduced either in the target or in the gas stream. 
Often, the addition of oxygen to correct stoichiometry, or for other reasons results in a 
reduction of the target removal rate. This is evident in the sputtering of SiO,, AL,O,, and 
other materials. Figure 16 shows the effect of oxygen additions on the deposition rate 
of SiO, (25). This depression of deposition rate has been observed for other compounds 
as well (26). The mechanism has not been confirmed, but it has been suggested that the 
oxygen restores surface stoichiometry of the target, thereby increasing the binding energy 
of surface atoms compared to that of a disturbed surface. 


5.4.3 Substrate Bias Effects 
Bombardment of growing films is well known from dc sputtering work to be useful in 


controlling film properties (27), so it is no surprise that the same is true of rf sputtered 
films. In the case of de sputtering, one can easily control the resputtering bias down to 
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the floating potential (usually a few volts) with the de power supply. In the case of rf 
sputtering, the actual bias between film and plasma is not easily measurable directly, and 
is very dependent on the chamber geometry as discussed in section 5.2.4. With a simple 
diode system using a large area ratio between "anode" (substrate + wall) and cathode, 
there will be a minimum dc bias developed providing that the substrate connection to 
ground (wall) is a low-inductance connection. This is not always the case. Many com- 
mercial systems have a rather long stem connection to the substrate table, and simple ex- 
ternal "grounding" of this stem with a wire or strap does not produce the desired electrical 
condition. Indeed, it is sometimes possible to increase the bias by such action, because 
the inductance represented by the ground strap and stem actually resonates with the 
sheath capacitance in series to produce a large rf current flow, resulting in a large sheath 
voltage. Even if the substrate is de-grounded, the plasma potential will be forced up to 
satisfy equilibrium conditions. For this reason, it is difficult to guarantee near-zero 
bombardment of the substrate in an rf sputter-deposition system, as might be desirable 
for depositing crystalline materials. 
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Figure 16: Effect of oxygen on sputtering rate (Jones, ref. 25) 


More often, however, it is desirable to increase the bias at the substrate, which can 
be done by the methods mentioned in section 3.1. In the case of rf sputtered SiO,, 
substrate bias has been found to improve dielectric breakdown (28), decrease chemical 
etch rate (26), and can be used for planarization (29). Also, bias has been found to relate 
to stress (30), and to trapped gas (31). 


5.4.4 Material Transport and Uniformity 


The physics governing the emission and transport of material is the same for both rf 
and dc sputtering. With rf sputtering, however, the lower pressure range which is 
normally used reduces the number of collisions in transit, so that the efficiency of trans- 
port is usually higher than for dc diode sputtering and the energy of arrival of species is 
higher because of the fewer collisions. 


The use of an axial magnetic field to enhance the plasma density has been found to 
increase the rate of deposition (3) for a fixed rf power input. This is due to operating at 
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a more energy-efficient point of the sputter yield vs energy curve (lower voltage). How- 
ever, the axial magnetic field has been observed to create a radially non-uniform plasma 
density, which results in more intense plasma near the perimeter of a circular target. The 
target becomes more like a ring source as a result, and the deposition pattern reflects that 
change, rising toward the edge. The pattern can be flattened by increasing the separation 
between target and substrate, which creates more edge loss. If the system is scaled to a 
larger diameter, then the required spacing for best uniformity is increased. This is not true 
of the case without axial magnetic field, where the optimum spacing is almost independent 
of target diameter. 


5.5 SPUTTER ETCHING APPLICATIONS 
5.5.1 Comparison to de Sputter-Etching 


Sputter-etching using rf power removes material by the same fundamental mech- 
anisms as with dc sputter-etching. However, rf sputter-etching can be used with 
insulators as well as with metals, and as with rf sputter-deposition, lower pressures can 
be used, allowing easier transport of material (less backscattering (32)). The equipment 
used is different only in that the cathode should be adequately shielded and stray 
capacitance should be minimized. For minimum backscattering, a "catcher" plate (17) 
may be used, spaced as closely as possible. The "catcher" should have many deep cavi- 
ties, such as a honeycomb structure, and should be well grounded with low-inductance 
wide straps or foils to prevent self-bias. 


5.5.2 5urface Cleaning 


Probably the simplest and earliest applications of rf sputter-cleaning is the removal 
of surface oxides on metals for contact purposes. This has been shown to be exceptionally 
effective for making low-resistance contact between successive aluminum thin-film wiring 
layers on semiconductor devices. Bauer (33) showed that the measured distribution of 
contact resistances shifted dramatically downward when rf sputter-cleaning was done in- 
situ prior to evaporation of the next aluminum contact film. This has been shown to be 
due to the removal of a native oxide layer of 2 to 3 nm thickness. The residual gas level 
present during the sputter-cleaning and immediately after is critical, as the water-vapor 
or oxygen can quickly re-form the native oxide. 


There are many other examples of the use of rf sputter-cleaning for both oxide re- 
moval and for adhesion of subsequent layers. Since the treatment is usually for a short 
time, cooling of the substrate is not necessary, but can be a problem in some cases of 
temperature-sensitive substrates. The author has found that a temperature of 200 °C is 
reached in a time of 3 minutes for silicon substrates 0.38 mm thick subjected to an input 
rf power density of 0.4 W/cm? in 8 mT Ar. 


5.5.3 Patterning 


The sputter-yield of most materials is not widely different, so that it is necessary usu- 
ally to use a masking material that has a thickness comparable to the thickness of the 
material being etched, or greater. Sputter-yields of a number of materials of interest is 
shown in Table 1 (34). Some of the material will be re-deposited on the mask edges, and 
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can remain when the mask is removed if it is sufficiently thick and survives the mask re- 
moval process. For this reason, patterning of thick layers by sputter-etching is not usually 
practical and is better accomplished by reactive ion etching. In addition, heat developed 
by the sputter-etching can harden the mask material and make it difficult to remove. 


Table 1: Relative sputtering rates of some materials (34). 


Material Sputter Etch Rate 
(Art, 500 eV, 1 mA/cm?) 
A/ min 

ALO, 80-130 

CrO; 50 

FeO 450-490 

SiO, 260-400 

Y,0, 75 

AZ1350 resist 200-250 

In,03/SnO, 80-200 

SiN; 250 

LiNbO, 390-420 

Si 200-380 


5.5.4 Uniformity 


In general, uniform removal across the diameter of a parallel-plate diode etcher is 
readily obtained, provided that the pressure-spacing product is not too low. The usual 
problem is near the edge of the electrode, where the ground shield configuration can in- 
crease the etch rate by "focussing" the ion flux. Extending the ground shield above the 
plane of the electrode by a few mm usually improves the situation. This cuts off the "fo- 
cussed" ions. 


5.6 PRACTICAL MATTERS 


5.6.1 Power Measurements and Power Loss 


Power is usually measured with coaxial line elements in the coaxial feed to the 
matching network. Of necessity, the power measurement includes losses in the matching 
network which can sometimes be significant. Excessive power loss can occur in rf sput- 
tering equipment, usually due to poor matching network design, possibly aggravated by 
high stray capacitance in the cathode design. Loss is almost always concentrated in the 
matching network inductance, although connecting straps and associated hardware may 
also be a problem. It is common practice to water-cool] the inductor in high power appli- 
cations. In general, one should avoid the use of stainless steel screws in any rf current- 
carrying path. Brass screws are usually quite adequate. The inductor carries not only the 
discharge rf current, but also the rf current to the electrode shield. The shield current is 
often much greater than the discharge current. 
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A reasonable measurement of the loss can be made using an rf voltage probe on the 
cathode connection and plotting power input vs rf voltage with the discharge on and 
without a discharge. A discharge can be suppressed by working at atmospheric pressure 
or at very low pressure, although it is sometimes difficult to completely stop the discharge 
at the chamber base pressure. An example of such a measurement is shown in Fig. 17 for 
a small sputtering system. The difference between the curves at constant voltage is (ap- 
proximately) the net power delivered to the discharge, and the lower curve represents the 
power loss at a given voltage. 
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Discharge 
Power 


RF Power in KW 
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Figure 17: Measurement of rf Power Losses 
5.6.2 Current Measurement 


It is not possible to measure the ion current in an rf discharge directly in the cathode 
circuit, since the dielectric target is insulating and it is masked by displacement current and 
electron current. Langmuir probes have been used by many investigators, but it is diffi- 
cult to prevent rf current flow in the probe circuit. A small probe area and effective de- 
coupling of the discharge from the wires are essential. To this end, thick glass tubing can 
be used for shielding the wires. Equally important are a very low capacitance feed- 
through and a good rf inductor in series to prevent rf current flow to ground in the probe 
circuit. 


The ion current density can be estimated from the power delivered to the discharge 
and the sheath voltages, assuming a simple diode system of unequal areas. A rf probe in 
the plasma can sense the rf plasma potential. Power can be apportioned to each sheath 
according to the sheath rf voltage and the sheath area, correcting for voltage drop in the 
dielectric target. Then ion current should be approximately the ratio of sheath power 
density divided by sheath peak voltage. 


RF current transformers can be obtained to measure rf current flowing into the cath- 
ode or substrate electrode terminals. Using this current, and subtracting stray capacitance 
currents (from discharge-off measurements) gives the net rf current into the electrode. 
RF current into the cathode sheath can be used to calculate the rf voltage drop in the 
dielectric target plate. 
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5.6.3 Voltage Measurement 


Sometimes a dc voltmeter is connected to the cathode circuit through a suitable rf 
isolation inductor. This voltage may indicate the target surface potential through surface 
leakage at the target edge, but it is often unreliable for small shield gaps. 


RF voltage is usually measured with a capacitance divider probe located as close as 
possible to the rf feedthrough. The voltage so measured has two principal errors; first the 
rf drop in the target plate and second the inductive voltage drop in the conductor between 
the measuring point and the cathode electrode. The voltage drop in the target plate is a 
capacitive drop and therefore normally adds to the target surface potential, and the volt- 
age drop in the conductor is an inductive drop which normally reduces the rf voltage. If 
the conductor is long enough, then it can actually reduce the voltage to zero, or even re- 
verse the phase. Calibration for these errors can be done but involves making internal rf 
voltage measurements. Many applications do not require absolute calibration, so that the 
rf vollage measurement is used as a control monitor to reproduce conditions. 


5.6.4 Rate Measurement 


Deposition rates are usually not possible to measure in an rf system with a conven- 
tional crystal rate monitor, unless the monitor can be closely coupled to ground and pro- 
vided with special shielding. If the substrate is biased, such a monitor does not represent 
the net flux of material, but can be proportional to the incident flux. Another method 
useful for transparent films on reflective substrates is to measure reflectance variation to 
sense the optical thickness, such as is commonly done in the optical coating industry. This 
method is non-intrusive and can be quite accurate. 


5.6.5 RF Leakage 


All rf sputtering or etching equipment should be provided with complete electrostatic 
confinement of the discharge and its electrical connections to prevent unauthorized or 
unsafe leakage of rf energy. This usually means that the vacuum chamber should be 
metal, or surrounded by metal screen, and that the matching network components be 
contained in a metal box in intimate contact with the chamber walls or electrode plate. 
A low-inductance path must be provided for rf return currents within the discharge 
chamber. If, for example, a substrate electrode is attached to a chamber bottom plate, 
which is prevented by an O-ring from making metal-to-metal contact with the chamber, 
then rf currents cannot return inside the vacuum chamber to the cathode plate, and will 
seek alternative paths externally, usually resulting in instrument rf noise as well as 
perceptible rf voltage differences at the gap. 
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Magnetron Plasma Deposition Processes 


Stephen M. Rossnagel 


6.1 INTRODUCTION 


Magnetron sputtering devices have become very widely used and accepted in the past 
decade. Magnetrons are routinely used to rapidly deposit thin metal films in a broad range 
of applications, from architectural glass and food packaging to thin film microelectronics. 
Magnetron-like effects are also used in high-rate sputter and reactive etching devices. 
Magnetrons, as they are currently used for plasma-based sputtering applications, were 
developed approximately 20 years ago. Perhaps the most useful description available has 
been the work of Thornton and Penfold (1), in Vossen and Kern’s book dating from the 
late ’70s. 


Magnetrons are a class of cold cathode discharge devices used in generally a diode 
mode. The plasma is initiated between the cathode and the anode at pressures in the 
mTorr range by the application of a high voltage, which can be either dc or rf. The plasma 
is sustained by the ionization caused by secondary electrons emitted from the cathode due 
to ion bombardment which are accelerated into the plasma across the cathode sheath. 
What differentiates a magnetron cathode from a conventional diode cathode is the pres- 
ence of a magnetic field. The magnetic field in the magnetron is oriented parallel to the 
cathode surface. The local polarity of the magnetic field is oriented such that the ExB drift 
paths of the emitted secondary electrons form a closed loop (Fig. 1). Due to the in- 
creased confinement of the secondary electrons in this ExB drift loop compared to a de 
or rf diode device, the plasma density will be much higher, often by an order of magnitude 
or more, than a conventional rf or dc diode plasma. The result of the high plasma density 
and its proximity to the cathode is a high current, relatively low voltage discharge. Typical 
discharge parameters for a magnetron might be a voltage of 500V and a current of 5 
Amperes, whereas a non-magnetized diode might operate at 2500V and 0.5 amperes. 


Due to the effective trapping of the energetic secondaries close to the cathode, a high 
plasma density can be sustained at significantly lower chamber pressures than a similar 
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power rf or dc diode plasma. A magnetron operates at a pressure ranging from about 1-2 
mTorr (0.3 Pa) to 30-40 mTorr (4-5.5 Pa), whereas a typical rf diode might operate at 
15-200 mTorr (2 to 25 Pa). The low operating pressure results in a significant reduction 
in gas scattering between the sputtered atoms and the background gas. The result of this 
reduction is an effective increase in the average kinetic energy of the sputtered atom (less 
thermalization) and an increase in the probability of atom transport from the cathode to 
the substrate. 


The result of the high discharge currents is the ability to sputter the cathode at a high 
rate. Deposition rates on surfaces within 5-10 cm. from the cathode may be as high as 
several microns/minute for high sputter yield materials. Usually, the typical limiting factor 
to the maximum deposition rate in a magnetron device is the ability to cool the cathode. 


Magnetrons have been developed in a wide range of geometries; each of which satis- 
fies the requirement that the ExB drift path forms a closed loop. Three basic classes of 
geometries exist: the planar, the cylindrical and the conical designs. The planar design 
(Fig. 1(a)) is available in a circular geometry at diameters of from 5 to a few 10’s of cm. 
The rectangular or "racetrack" magnetron (Fig. 1(b)) has been developed at lengths ex- 
ceeding the meter range. The cylindrical geometry is characterized by a central, cylindrical 
cathode with an axial magnetic field. (Fig. 1(c)). The electric field in this case is radial, 
and the resultant ExB drift path forms a band around the cathode. These devices need 
not have a circular cross-section, but have been designed in a flattened mode, where the 
original circular cross-section is replaced by an almost rectangular cross-section with 
rounded ends. The third geometry is the conical design (Fig. 1 (d)), which is somewhat 
similar to the circular planar device. These devices have a cathode surface which is tilted 
slightly and typically have an opening on the central axis. Often an anode of some sort is 
placed in this central opening, which helps eliminate the bombardment of the sample with 
energetic electrons. 


While new magnetron designs and applications have been continuously developed 
over the past 15 years, relatively little work has been published on the fundamental as- 
pects of magnetron operation. This may be due in part to the high level of some of the 
earlier publications (see ref. 1, for example). It may also be due to the sophisticated en- 
gineering work that has gone into the design of magnetron cathodes: i.e., the cathodes 
function very well, and little effort has gone into process diagnostics. It becomes appar- 
ent, after closer examination, that aspects of how magnetrons operate can be exceedingly 
complex. The various processes of plasma formation, energetic bombardment of the 
cathode, transport of the sputtered atoms and film deposition are often inter-related in 
non-trivial ways. One of the goals of this chapter is to identify some of these interactions. 


Magnetrons are also routinely used to reactively deposit compound films, such as 
nitrides and oxides. This topic will be treated at great length in Chap. 9, and will not be 
included here. 
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Figure 1: (a) circular planar magnetron, (b) rectangular planar magnetron, (c) cylindrical 
post magnetron, and (d) conical magnetron. 


To define more closely some of the basic physical effects present in magnetron sput- 
tering devices, numerous diagnostic experiments have been reported. Among the tech- 
niques used are optical emission spectrometry (2,3) mass spectrometry, the use of 
electrostatic (Langmuir) (4-6) and magnetic probes (7), gas pressure probes (8,9) ener- 
getic neutral and negative ion detectors (10,11), current collection techniques both at the 
cathode and the film surfaces (12), measurements of the deposition and composition of 
films around the chamber (13,14), electrical measurements of the current and voltage of 
the discharge itself (1,15,16) , measurement of the energy distribution of the incident, 
bombarding ions (17), measurement of the kinetic energy or effective heating energy of 
the depositing atoms (18,19), as well as other less direct techniques. The combination 
of results from each of these experiments will be useful in discussing the inter-relations 
among the various phenomena in the magnetron device. 


It has been popular in the past to break up the sputter deposition of films into the 
sputtering process at the cathode, transport from the cathode to the substrate, and the 
deposition process at the substrate. Indeed, this book is partitioned along these same 
lines. These topics are then treated individually and independently. The results of some 
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of these diagnostic measurements suggest that this type of delineation may not be appro- 
priate, at least under some conditions, and that significant inter-relationships are present 
between these three general categories. 


6.2. EXPERIMENTS 


For the purposes of this discussion, the general experiment to be described is a con- 
ventional, circular, planar magnetron cathode. Some of the reported experiments, how- 
ever, have used other cathode arrangements, such as the cylindrical post cathodes or 
conical (S-Gun-type) of cathode. In general, the results should be fairly consistent from 
one type of cathode to another. A metal target is mounted on the cathode (typically Cu, 
Al, W, Mo, etc.) which is sputtered in a dc mode from an inert gas plasma of typically 
Ar, Ne or Kr. The cathode dimensions range from 5 to 50 cm. diameter. The background 
pressure of the gas is generally a few to a few tens of mTorr (.3 to 4 Pa) and is supplied 
through mass-flow controllers. For many of these experiments, the chamber has been 
stripped of additional fixtures, such as shutters, ground shields and other shielding. In 
addition, in many cases a separate anode has not been used, effectively causing the 
chamber walls to function as the anode. The cathode is supplied by a highly regulated DC 
supply, operated in constant voltage, current or power modes. The chamber in which the 
magnetron is located is large compared to the dimensions of the magnetron. 


In normal operation, the chamber is evacuated to 10-7 Torr or so, and backfilled to 
the desired mTorr pressure. A negative voltage on the order of a few hundred volts is 
applied to the cathode. This leads rapidly to the formation of a plasma, from which se- 
veral amperes of ions (for the larger cathodes) are accelerated to the cathode, causing 
physical sputtering. The sputtered atoms then transit the plasma, and may eventually form 
films on nearby surfaces. 


6.2.1 Sputtering at the Cathode Surface 


Physical sputtering by energetic ions has been the subject of an earlier chapter (Chap. 
3). Magnetrons typically operate with either an applied de or an effective de bias (rf 
mode) of a few hundred volts. Using an inert gas, such as Ar, which will typically be singly 
ionized, the ions bombarding the cathode are then at energies equivalent to the discharge 
voltage (in eV). At these energies, the sputtering process is primarily by means of direct 
knock-on collisions. Sputter yields for most gas-cathode combinations range from 0.1 to 
3. This is indicative or a relatively inefficient process: for each incident ion of, let’s say, 
500 eV, one or two atoms with an average energy of 6-10 eV are ejected. A large fraction 
of the incident energy is lost to cathode heating. In general, the functional limit to high 
power, high rate magnetron sputtering is almost always the ability to cool the cathode. 
Given a maximum water flow-rate and a few simple approximations, the maximum de- 
position rate in a system can be estimated simply from the consideration of cathode 
cooling and the melting or damage point of the cathode. 


There are several other significant effects that may be observed at the cathode. The 
first is due to the contamination or poisoning of the cathode when used in a reactive gas. 
If the gas reacts with the cathode to form a stable, or low sputter yield compound (such 
as an oxide), the sputtering and electrical characteristics of the discharge will be changed 
dramatically. This topic will be discussed more fully in Chap. 9. The second major effect 
is often observed when sputtering from alloy or compound targets. Due, not only to the 
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difference in the sputtering yield of the constituents, but also to thermodynamic consid- 
erations, the composition of the target can change dramatically from bulk. This effect has 
been discussed at length in Chap. 4. 


A third, more subtle modification of the cathode may occur due to gas-scattering in- 
duced redeposition of the sputtered atoms back onto the cathode surface. In an alloy, 
depending on the relative masses of the sputtered atoms, as well as the chamber pressure, 
gas composition and discharge power, a non-stochiometric redeposition of sputtered at- 
oms may over time subtly alter the target composition. This is likely to be most significant 
is cases where one component of the alloy has a much different mass than the other 
component, such as AlCu or TiW. 


6.2.2 Gas Rarefaction Effects 


One effect of the rather large sputtered particle fluxes present near a magnetron 
cathode is to perturb the local background gas. Hoffman first systematically studied this 
effect with observations on the non-uniformity of the particle density and direction, des- 
ignated as the sputtering wind (8). In that study, the pressure increase observed in the 
static (non-pumped) mode was indicative of gas heating within the chamber. In the dy- 
namic, pumped mode, a decrease in chamber pressure was noted, also indicative of in- 
creases in gas temperature (and hence effective pumping speed). Earlier indications also 
pointed to an effect of the discharge on the effective gas density in the cathode region 
(20). A systematic study of the effect of the energetic particle species in the magnetron 
on the gas density and temperature has shown large changes in the gas density as a func- 
tion of the power (or current) of the magnetron discharge (9). The gas density was 
sampled by a tube placed parallel to the magnetron cathode, located a distance of a few 
centimeters from the cathode. The apparent pressure observed in the tube can be con- 
verted to a gas density using the thermal transpiration model of Takaishi and Sensui (21). 
As a function of increasing magnetron discharge current, the gas density in the near 
cathode region falis drastically (Fig 2.) although the chamber density is unperturbed. 
(The chamber is large compared to the size of the cathode.) 
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Figure 2: Gas density in 
the plasma region calcu- 
lated from measured pres- 
sure and model of Takaishi 
and Sensui (21) for a Cu 
cathode and Ne gas. 
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The reduction in gas density is consistent with an increase in the gas temperature, 
caused by the various energetic processes occurring in the magnetron plasma. The two 
most likely sources for the energy are the energetic sputtered flux from the cathode and 
incident, bombarding ions which are reflected and neutralized at the cathode surface. The 
magnitude of the density reduction is dependent on the background gas species, and also 
on the cathode material, and tends to be largest for high mass gas atoms and high sputter 
yield targets. The momentum-transfer cross section for the sputtered atoms with kinetic 
energy of a few eV is a factor of 5-10X larger than for the energetic reflected neutrals 
from the cathode, whose energy is in the several hundred eV range (22). The mean free 
path for the sputtered atoms is in the 1-5 cm range at chamber pressures of 30 to 5 mTorr, 
which is generally smaller than the cathode-to-sample distances in many systems. This 
suggests that the energetic sputtered flux is the dominant source for the gas heating and 
that the reflected neutrals from the cathode are more likely to travel to the sample surface 
or chamber walls. 


A model was suggested for the gas heating induced by the thermalization of the en- 
ergetic, sputtered atom flux (9). The model calculated the effective gas temperature in 
the cathode region for a known sputtering flux (as a function of discharge current), al- 
lowing the energy to be thermally conducted away by the gas to the chamber walls. The 
model reduced at large discharge currents to: 


ty = (ZTTK os x [-05 (1) 
E,Y,o 


where ny is the gas density in the plasma region, I is the discharge current, n, is the ori- 
ginal chamber gas density, T, is the wall temperature, K is the thermal conductivity of the 
gas, E, is the average energy per sputtered atom, Y, is the voltage-dependant sputter 
yield, ø is the cross-section for momentum transfer of the sputtered atom, and f is a con- 
stant indicating how many mean-free-paths were considered as the thermalization dis- 
tance. A value of f = 3 was used. 


This relation suggests that gas species with high thermal conductivities (He and Ne) 
will show significantly less density reduction as a function of discharge current, as the 
energy is more efficiently coupled away to the walls. Also, cathode species with large 
sputter yields or large average kinetic energy for the sputtered atoms will show signif- 
icantly more density change with increasing current. This was confirmed for a range of 
materials and gases (9). The model was used to predict the density changes as a function 
of increased discharge current by simple substitution of values. The results, shown in Fig. 
3, are suggestive that the thermalization of the energetic, sputtered flux is indeed the 
cause of the significant density changes observed. 


The thermalization process, or the cooling of the energetic, sputtered atoms by gas 
collisions, has been treated by means of calculation and experiment. One interesting ex- 
periment measured the Doppler broadening of the emission from the sputtered metal at- 
oms as a function of distance from the cathode (19). The results were generally consistent 
with the 2 theoretical models available at the time. It should be noted, however, that each 
of the theoretical treatments in the past has not accounted for the major changes observed 
in gas temperature and density observed more recently. 
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6.2.3 Plasma Measurements: 


As listed above, a long list of plasma diagnostic measurements have been reported. 
Rather than exhaustively chronicle each report, a short list or representative studies will 
be discussed. 


Measurements of the electron temperature and density have been made with small 
Langmuir probes inserted into the plasma (4-6) In one of these studies, the probes were 
oriented perpendicular to the cathode surface, and scanned up to the sheath edge (Fig. 
4) The results showed electron temperatures in the 2-10 eV range, and electron densities 
in the 10" to 10''cm~? range for low discharge currents. At constant current, these results 
were strongly dependant on the gas pressure. The electron temperature decreased as 
pressure was increased, while the electron density increased with increasing pressure. Few 
measurements were taken at high power, due to thermal damage of the probe. It was not 
possible to sample a broad range in discharge currents without the use of several probes 
of varying dimensions. Calculations of the discharge current, using the measured electron 
temperature and density and the pre-sheath Bohm criteria, were consistent to the exper- 
imental results, within experimental error. This suggests that the plasmas are bounded 
by conventional positive space-charge sheaths. 


A magnetron is characterized by an ExB drift current, located near the cathode sur- 
face. The magnitude of this drift current has been measured by observing the magnetic 
field induced by the current loop in a circular, planar device (7). The magnitude of the 
drift current is typically 3-9 times the total discharge current, and depends on cathode 
species, gas species and chamber pressure (Fig. 5). This result is consistent with Bohm 
diffusion, rather than classical collision-dominated electron diffusion across magnetic 
fields, being the dominant charge-transport mechanism. 
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Figure 4: Results of 
Langmuir probe measure- 
+ ments in a magnetron dis- 
charge at 5 and 30 mTorr as 
a function of distance from 
the cathode. 
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The sheath thickness was measured roughly with the Langmuir probe. However, a 


more accurate measurement has been made using a long-focal length, traveling micro- 
scope. This device was focussed to the center of the etch track, oriented parallel to the 
cathode surface. The apparent dark space thickness could then be measured with the 
graticle, and calibrated against an object of known size. The dark space thickness was 
found to decrease rapidly as a function of increasing discharge power (23). In particular, 
a large, exponential dependance of this thickness on discharge voltage was observed, also 


dependent on the chamber pressure (Fig. 6). 
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From this data, the discharge voltage and sheath thickness can be related by: 

d=cV-", where c is a constant and m is an exponent between -3 and -6. The sheath 

thickness, current and voltage in a magnetron would be expected to follow Child’s Law, 
which is of the form: 


v7? 


Iœ (2) 


d? 
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When the voltage dependance of the sheath is substituted into Eqn. (2) a relation is found 


Iakv" (3) 


where n is on the range of 7.5 to 13.5 for this case. This relation is quite similar to the 
empirical current-voltage relations observed in magnetrons. 


6.2.4 Interactions: Effects on Plasma 


The significant modification of the gas density near the cathode due to the energetic 
sputtered atoms has implications to both the deposition process as well as to the plasma. 
In particular, it was first suggested by Hoffman that this phenomena should have an effect 
on the current-voltage relation in the magnetron (8). The probability of ionization of a 
gas atom, whether by an energetic secondary electron from the cathode or by an electron 
from the tail of the Maxwellian distribution, will be directly proportional to the local gas 
density. As that density is reduced due to rarefaction by the thermalization of the hot 
sputtered atoms, increased discharge currents must require additional energy, as the 
plasma is becoming effectively more resistive. 


In addition, the results of electrical and optical measurements on the plasma described 
earlier suggest that the plasma is a conventional space-charge limited plasma whose pri- 
mary electron conduction process is Bohm Diffusion, rather than the classical collision- 
dominated electron conduction process across field lines. Bohm Diffusion is characterized 
by collective, turbulent motions of the electrons. The apparent motion of the secondary 
electrons in a magnetron, therefore, is probably not a simple cycloidal hopping of the 
electron around the ExB drift path, but more probably a turbulent, buffeted, attenuated 
drift as the energetic secondary electron rapidly loses its energy sustaining the electron 
temperature of the plasma. It is then possible that a significant number of the ionizing 
collisions in the plasma occur between electrons in the tail of the Maxwellian distribution 
and gas atoms. The probability of this type of collision has been calculated, and can be 
compared to the discharge current, as recombination at these pressures and plasma den- 
Sities is low. 


The discharge current can then be approximated as: (16) 


0.5.2 


Io 2n, nyo (m/2rkT,) °v; exp( —my;/ 2kT,) (4) 


where v; is the minimum electron velocity for ionization, n, is the electron density, kT, is 
the electron temperature and m is the electron mass. The current to the cathode can also 
be approximated by Bohm pre-sheath flow. The current density of ions to the sheath edge 
is given by: (24) 


j = 0.6n,(kT,/m)°> (5) 


where m; is the ion mass. The result of this type of calculation is a relation between the 
local gas density and the electron temperature and density. Combining these relations 
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leads to an inter-relation between the electron temperature and the gas density of the 
form: 


2 
G mv; 

nD, = —>——— kT, exp( 
i ov-(mm)°> : 2kT, 


) (6) 


where G is now a geometrical constant related to the cathode size. 


The discharge voltage can be described in terms of discharge current and the plasma 
impedance, which was found to be related to Bohm Diffusion. The voltage is found to 
increase as a function of the square root of the electron temperature. A comparison of the 
calculated and experimental discharge voltages is shown in Fig. 7 (16). 


The magnetron plasma can be viewed in somewhat dynamic terms, effectively de- 
pendant on the interaction of the sputtered atoms on the background gas and the plasma. 
At a given discharge current (i.e. ion flux to the cathode) there is an emerging flux of 
energetic, several eV sputtered atoms which enters the plasma region near the cathode. 
As a result of collisions between these sputtered atoms and the background gas, the net, 
local gas density is rarefied from its original, pre-plasma value. Therefore, the electron 
temperature of the plasma must be sufficiently high (at this current) to cause a level of 
ionization consistent with the discharge current. To increase the discharge current re- 
quires overcoming the additional rarefaction caused by the additional sputtered atoms at 
higher current. This is done by adding additional energy to the plasma through a higher 
voltage on the cathode. This relatively simplistic, yet consistent process, allows a number 
of conclusions and predictions to be made about the operating levels of a magnetron de- 
vice and the effects of changing pressure, cathode or gas species, system geometry, mag- 
netic field, etc. 
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The sputter yield is quite dependent on the cathode material. Some materials, such 
as Cu or Au, have relatively high yields at ion energies of a few hundred eV. Other ma- 
terials, often the refractory materials or compounds, have relatively low yields. In addi- 
tion, not only is the yield strongly dependent on the gas species (and mass), but the 
thermal conductivity of the gas can vary dramatically with gas choice. Combining these 
effects, the expected flux of sputtered atoms as well as the effect of those atoms on the 
local gas density near the cathode should be strongly dependent on the choice of gas and 
cathode species. However, using the model described above (Eq. 1), the magnitude of the 
gas rarefaction should be easily predicted. 


We have suggested that the rate of ionization of the background gas, and hence the 
discharge impedance and voltage will be strongly perturbed by this effect. In cases where 
the gas rarefaction effect is strongest (high sputter yields, or low thermal conductivity of 
the gas), the voltage should rise to a larger degree with increasing current than in equiv- 
alent cases with smaller gas rarefaction effects. As a means of comparison, consider the 
generally accepted empirical current-voltage relation often used with magnetrons (1) 


I = kv" (3) 


where k is a constant and n is an exponent in the range of 5 to 20 or so. In cases where 
the voltage increases slowly with current, the exponent, n, is large. 


Following the discussion of voltage increases related to the magnitude of the gas 
rarefaction, the exponent, n, should be large in cases of relatively low gas rarefaction, and 
small in cases of high levels of rarefaction. An example is for the case of sputtering Cu 
and Al in Ar. Due to the higher sputter yield of Cu, the exponent in the I-V relation 
should be smaller for Cu than for Al. This is indeed the case, as shown in Fig. 8. Similar 
arguments can be made for a variation in either gas species or chamber pressure. In each 
case the general result observed is that large voltage increases (with increasing current) 
correlate with a high level of gas rarefaction due to the thermalization of the sputtered 
atoms. 


An extreme case of this can be seen for the case of He gas and a W or Mo target. In 
these cases, the sputter yields are extremely low. In addition, the thermal conductivity of 
the gas is very high. These two effects together suggest that the voltage will increase ex- 
ceedingly slowly as a function of current. Indeed, measurements have shown the exponent 
in the I-V relation to be in the range of 35-70. Often in these plasmas, the current can 
be increase an order of magnitude or more by increasing the voltage less than 5 volts. It 
should be noted, however, that in this particular case, the sample undergoes extreme levels 
of energetic particle bombardment due to the low mass of the gas atoms and the long 
mean free path of reflected, energetic particles. 


6.2.5 Interactions: Effects on Sputtered Material 


Usually, the general goal of using magnetron devices in a sputtering mode is for the 
deposition of films. Atoms sputtered from the cathode may deposit on sample surfaces, 
forming a thin film of a composition near that of the cathode. The sputtered atoms, how- 
ever, must transit the region between the cathode and the substrate; a region composed 


172 Handbook of Plasma Processing Technology 


of both the plasma and a large number of neutral gas atoms. The sputtered atoms, de- 
pending on the pressure and the distance between the cathode and the substrate, may 
undergo from zero to many hundreds of collisions. Each collision changes the velocity and 
direction of the sputtered atom, and usually results in a general cooling (thermalization) 
of the sputtered atom, while at the same time increasing the average temperature of the 
background gas. 
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Several authors have treated the transport of atoms from a sputtering source by com- 
putational means. The deposition profiles for simple annular targets have been calculated 
by Gnaedinger (25) and further modified by Este and Westwood (26) for rectangular 
targets. Gras-Marti et al (27) has analytically treated some of the scattering processes 
occurring during transport, and a papers by Motohiro and Taga (28) 8nd Somekh (29) 
has treated the topic with Monti-Carlo-like techniques. In addition, the so-called 
"throwing power", or the ability to coat the sides of objects has been treated qualitatively 
(30). 


Experimentally, a study was undertaken to measure the probability of atom transport 
by measuring the resulting deposition profiles for a fixed number of sputtered atoms 
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(13,14). The atoms sputtered from a magnetron cathode may deposit on the substrate 
plane, the side areas of the chamber, the fixtures and shutters in the chamber, or even 
back onto the magnetron cathode. Atoms deposited onto the etch track of the cathode 
will most likely be resputtered rapidly. However, atoms deposited in areas on the cathode 
but not in the etch track have a lower probability of being resputtered due to the lower 
bombardment rates. In general, thick deposits can be formed in the central, "dead" re- 
gions of the cathode and also near the cathode edge. 


The results of this study for the case of Cu and Al cathodes can be given in tabular 
form, in Tables 1 and 2. The probabilities are found by dividing the total number of de- 
posited atoms on a surface by the total estimated number of sputtered atoms. There are 
certain systematic sources of error (14), but these are usually less than 20%. The 
redeposition of atoms to the cathode may cause a slow change in the composition of films 
sputtered from alloy targets. It will also be sensitive to the local gas density and the 
target-to-sample distance. In addition, as the local gas density is strongly perturbed by the 
rate of emission of energetic sputtered atoms, the redeposition on the cathode will also 
be dependant on the operating power of the magnetron. This can be seen in Fig. 9, in 
which the redeposition on the cathode drops off significantly at higher discharge powers, 
as the local gas density which causes the scattering and redeposition is reduced. Thus, one 
would expect compositional changes when sputtering from alloy targets as a function of 
chamber pressure, throw distance as well as power. These are indeed observed, and are 
the subject of a related work (31). 


Table 1: Deposition probabilities for various surfaces within the chamber for a Cu cath- 
ode in Ar as a function of chamber pressure and throw distance. 


1000 Watts 

Gas P (Pa) Sample Magnetron Side areas“ 

5 cm 0.7 63 031 -16 
2.6 49 ll .20 
4 53 .14 22 

9.5 cm 0.7 48 031 24 
2.6 47 13 24 
4 45 18 18 

14.5 cm 0.7 39 045 .25 
2.6 35 16 30 
4 31 18 35 

200 Watts 

5 cm 4 53 23 13 

3000 Watts 

5cm 4 48 09 24 


rr rrr a 


* The side areas include only those areas adjacent to 
the magnetron cathode, parallel to the cathode surface. It does 
not include all wall areas. 
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Table 2: Deposition probabilities for various surfaces within the chamber for an Al 
cathode in Kr, Ar and Ne as a function of pressure and throw distance. 


Throw P (Pa) Sample Magnetron Side Areas* 

5cm Throw 

Kr 0.7 52 10 16 
2.6 45 18 17 
4 38 34 113 

Ar 0.7 -60 .12 -10 
2.6 46 26 12 
4 42 32 .09 

Ne 0.7 -80 .08 .05 
2.6 56 16 -10 
4 52 27 Ji 

9.5 cm Throw 

Kr 0.7 35 18 20 
2.6 27 35 .24 
4 .22 39 20 

Ar 0.7 A4 13 10 
2.6 45 35 1S 
4 36 40 17 

Ne 0.7 40 10 20 
2.6 42 36 18 
4 40 34 09 


* This is the area adjacent to the cathode, parallel to the 
cathode surface. It does not include all of the chamber walls. 


Various optical techniques have been used to monitor the magnitude and energy of 
the atoms during transit from the cathode to the anode. Laser Induced Florescence (LIF) 
has been used for ion beam sputtering experiments (32) and also for selected plasma- 
based studies (33). Observations of the optical emission from the plasma region are also 
reported. In one particular case, the temperature of the sputtered atoms could be deduced 
from the Doppler broadening of the observed emission (19). Conventional optical emis- 
sion spectroscopy (OES) has also been used to monitor the relative levels of sputtered 
atoms in the plasma. The emission intensity is generally proportional to the electron den- 
sity, n, , the species density, n, and some function of the electron temperature, cross 
section for excitation, and de-excitation probability (3): 


Imis = Ne Ny A f peo (E)E = Ann, f(T,, 9.) (6) 


where A is a geometry-dependent constant, and f(T,, o.) is defined as the excitation rate 
of the species, which is dependent on the the electron energy (E) distribution, o,(E), or 
temperature kT,, electron velocity v, and cross section for excitation, o,(E). The last term 
is usually assumed, for convenience, to be constant over the range of interest in plasmas 
of this type. 
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The emission intensity of various species present in the discharge can be measured as 
a function of discharge current (2,3). It is reasonable to assume that the electron density 
is roughly proportional to the discharge current. From this assumption, the emission levels 
from the background gas species would be expected to scale with the discharge current 
to approximately the first power (3). This is observed at low discharge powers (Fig. 10), 
but as power is increased, the intensity becomes proportional to the discharge current to 
the 1/2 power. This change can be attributed to the rarefaction effect described earlier, 
in which the energetic, sputtered atoms cause a reduction in the local gas density due to 
the thermalization process. As found in Eq. 1, the gas density is proportional at high 
power to the discharge current to the -1/2 power. When combined with Eq. 4, the ob- 
served slope at high power can be predicted. 


The density of the sputtered atoms should be directly proportional to the discharge 
power, or approximately proportional to the discharge current. Again making the as- 
sumption that the electron density is proportional to the discharge current, the intensity 
of the sputtered atoms would be expected to be proportional to the discharge current to 
the 2nd power (using Eq. 6). The observed values (Fig. 10) appear to approach the sec- 
ond power at low powers, and fall to approximately the 1.3 power at high discharge 
powers. This may be indicative of gas rarefaction effects, but may also be due to a lack 
of a direct proportionality between the electron density and discharge current. (Note: if 
the electron density scales with the discharge current to less than the first power, as might 
be expected, the difference is exaggerated in the case of sputtered or ionized, sputtered 
atoms.) The density of ionized, sputtered atoms should be proportional to the discharge 
power (number of sputtered atoms) times the electron density (probability for ionization). 
Thus, one might expect that the intensity of ionized, sputtered atoms would scale with 
discharge current to approximately the third power. The results (Fig. 10(c)) show an ex- 
ponent of approximately 2.5. The intensities for these particular species are quite low, 
however, due to the high excitation energies required. 
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ante Figure 10: Experimentally 
observed optical emission 
intensity for lines from (A) 
Ar ground state, (B) Ti 
ground state, (C) Ti+ for 
magnetron sputtering of Ti 
in Ar at 7 mTorr. Data are 
plotted as a function of 
discharge current. 
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The general result, however, is that the source of individual emission lines in a plasma 
may be identified by their dependance on the discharge current. In addition, using this 
type of diagnostic technique to monitor a deposition process must be done very carefully, 
and generally only over a small range of discharge parameters. 


6.2.6 Interactions at the Sample Surface 


It has routinely observed that the various physical and electrical characteristics of the 
deposited films are strongly sensitive to the gas pressure in the chamber, the rate of de- 
position, and the substrate temperature. An example of this interrelationship is Thornton’s 
version of Movchan and Demichishin’s structure zone diagram (34,35). (See, for example, 
Fig. 1 of Chap 22.) In general, it has been postulated that low pressures correlate with 
increased energetic particle bombardment of the growing film, causing changes in the 
grain size, stress and impurity incorporation levels (36). This has been the subject of 
numerous studies, and will not be redescribed here. Many of the explained effects, how- 
ever, rely on the bombardment of the film with energetic, neutral particles that originate 
at the cathode surface during the sputtering process. These energetic neutrals are elas- 
tically reflected, Auger neutralized ions that have been accelerated to high energy to the 
cathode or target surface and may reflect with up to several hundred eV of kinetic energy. 
In addition, a significant component of energetic neutral bombarding species may be at- 
tributable to the formation of negative ions at the cathode surface, with the subsequent 
acceleration across the cathode sheath and charge neutralization in the plasma. This sec- 
ond species is often observed when sputtering in the presence of oxygen, as well as in the 
case of materials from the far left side of the periodic table. The negative ion species are 
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usually well collimated in a plasma-sputtering device, whereas the reflected neutrals may 
have a more isotopic distribution. 


Substrate heating during sputter deposition with a magnetron is a combination of 
many factors. As is the case with all vapor phase depositions, the heat of condensation 
(3-8 eV/atom) must be considered. Due to the low operating pressure of the magnetron, 
a significant fraction of the initial kinetic energy of the sputtered atom may still be present 
for the depositing atoms. This contribution can range up to 20 eV/atom for refractory 
materials, but is typically closer to 4-8 eV/atom for other metals. The reflection of ions 
as neutrals from the cathode may also contribute significantly to the energy deposited at 
the film. This is particularly significant for low mass gas species in combination with high 
mass cathode species, where the reflection coefficients can be quite large and the sputter 
yields quite low. Finally, there can also be heating contributions from optical emission 
from the plasma as well as bombardment with hot gas atoms. 


Thornton built a small detector to measure the net energy arriving during film depo- 
sition. The detector is based on a thin foil substrate which is thermally isolated from its 
mount. A thermocouple monitors changes in the foil temperature, which in conjunction 
with the deposition rate, can be converted into an energy arrival rate per depositing atom. 
A summary of the results is shown in Table 3, which has been collected from published 
data (18). 


Table 3: Measured and calculated energy arrival rates for Ar sputtering (18). 


Metal Atomic Planar Mag. Cylindrical Theoretical est. 
Weight eV/atom eV/atom eV/atom 

Al 27.0 11 13 13 

Cr 52.0 16 20 16 

Ni 58.7 15 15 19 

Cu 63.5 12 17 12 

Mo 95.9 42 47 26 

In 1158 15 20 9 

Ta 181 96 107 38 

WwW 184 98 100 40 

Pt 195 48 30 


A second detector has been developed to measure the presence of only the energetic 
species during a sputter deposition. The device is similar to the work of Brodie, Lamont 
and Jepson (37) and others (38), and is shown in Fig. 11. The device shields out energetic 
electrons by means of a magnetic field and a collector biased more negative than the 
cathode (10). A grid (G-1) allows the introduction of ions from the plasma when biased 
negatively, or repels the ions when biased more positive than plasma potential. A second 
grid (G-2) near the collector allows for the emission or suppression of secondary electrons 
caused by energetic bombardment of the collector. The current to (or from) the collector 
is then indicative of the magnitude of energetic particle bombardment and the secondary 
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electron yield. By reversing the potential on G-2 with respect to the collector, the sec- 
ondary electron coefficient can be deduced. Observed currents at the collector with a 
positive potential on G-2 are then due to the emission of electrons caused by energetic 
neutral bombardment or photons. The secondary electron yield due to ‘neutral’ 
bombardment has been rarely measured in the past, and may or may not be related to an 
Auger process (24). For the purpose of this study, however, the yields have been rou- 
tinely measured, and appear to be similar to the yields for ions at comparable energies. 
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Assuming the secondary electron yield does not depend on kinetic energy in the 
20-600 eV range, the flux of energetic neutral particles can be determined in a quantita- 
tive manner with this device, as can the average secondary electron yield. In addition, a 
quartz crystal rate monitor has been positioned immediately adjacent to the energetic 
neutral detector to measure the net arrival rate of depositing atoms. By comparison of 
these two signals, the arrival rate ratio of energetic-to-depositing atoms can be deter- 
mined, although the actual energy of the energetic species cannot be measured (10). 


Both the deposition rate of condensing atoms and the arrival rate of the energetic 
species depends on the chamber pressure. An increase in chamber pressure results in a 
reduction of both signals due to gas scattering. (Fig. 12). In addition, as might be expected 
following the earlier discussions of gas rarefaction effects, the arrival rates of both species 
are dependant on the discharge power, which alters the local gas density due to the 
thermalization process. (Fig. 13). The ratio of energetic-to-depositing atoms has been 
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found, however, to vary slowly, if at all, with chamber pressure. In many cases, the 
energetic-to-depositing atom ratio has been found to decrease as the chamber pressure is 
reduced, rather than increase as might be expected from the effects on the film properties. 
Upon consideration of the cross sections for collisions (22), however, this result is not too 
surprising. The sputtered atoms have an average kinetic energy of a few eV and a mean 
free path on the order of a few centimeters at the operating pressures used. The reflected, 
neutrals often have energies exceeding 100 or more eV, and thus have a significantly 
smaller cross section and longer mean free path. Therefore, changes in chamber pressure 
in the mTorr range will be much more significant to the mean free paths of the low energy 
sputtered atoms, rather than the reflected, higher energy neutrals. 
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Figure 12: Arrival rates 
of energetic neutral parti- 
cles and depositing atoms 
in arbitrary units as a func- 
tion of chamber pressure 
for the case of a Al cathode 
in Ne gas at a constant dis- 
charge current. 


The relative arrival rates of energetic neutrals to depositing atoms are strongly de- 
pendent on the cathode and gas species. The probability of reflection for a primary ion 
bombarding the cathode surface has been calculated by Eckstein and Biersak (39), and 
is greatest for the case of light ions bombarding heavy cathodes. The sputter yield of the 
cathode is also dependent on the choice of species, and tabulations are available (40). 
The results of measurements with the energetic neutral detector should scale with pred- 
ictions made from a comparison of the sputter yield and the reflection coefficient, al- 
though the effect of gas scattering as well as emission profiles for the various species must 
also be considered. 
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6.3 SUMMARY 


An extended series of diagnostic measurements on magnetron sputtering devices has 
pointed out some of the complexities in understanding the various inter-relations between 
the sputtering process, the plasma formation, the sample and the background gas. The 
interaction between the sputtered atoms and the background gas, routinely described as 
a thermalization process, might more aptly be described as a gas heating process. This 
heating and rarefaction has numerous implications as to how the plasma is formed and its 
impedance, as well as the transport and deposition of sputtered atoms on surfaces around 
the chamber. The bombardment of the sample with energetic species is also a critical ef- 
fect, which strongly affects the properties of the depositing films. While the 
bombardment rates can vary extensively as a function of cathode and gas species, little 
significant pressure dependance has been observed in the bombardment rate, suggesting 
the need to modify currently accepted explanations for changes in the properties of the 
sputtered materials as a function of discharge pressure. In addition, the presence of neg- 
ative ions formed at the cathode surface and possibly due to residual gas impurities has 
been observed. Previous studies have neglected this effect, which will have strong impli- 
cations not only on film properties, but on the transfer of a process from one chamber to 
another. This result also suggests that it is desirable to have a low base pressure and a high 
pumping speed to reduce the effects of impurities. 


Other results of these studies are more conventional. The plasma in a magnetron is 
characterized by Bohm Diffusion, and is surrounded by positive space charge sheaths. The 
ExB drift currents are not substantial, and the resulting effects on the magnetic field are 
extremely low. The optical emission from the plasma is reasonable described by a simply 
model relating the electron density to the discharge current. 
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Broad-Beam lon Sources 


Harold R. Kaufman and Raymond S. Robinson 


7.1 INTRODUCTION 


Broad ion beams have transverse dimensions that are much larger than the Debye 
shielding length. The origins of most broad beam ion sources can be traced back to the 
late 1950’s, when electric space propulsion programs were started in several countries. 
These programs included a wide range of ion source concepts (1). 


The broad-beam ion sources presently of most interest use electron-bombardment to 
generate ions and dc electrostatic acceleration to accelerate the ions into a beam. The 
electron bombardment is provided with either a de or rf discharge. The electrostatic ac- 
celeration is provided most often by electric fields between closely spaced grids. For a 
broad beam of ions to be generated in this manner, multiple grid apertures must be oper- 
ated in parallel. Gridless ion sources have become available in the last several years. The 
electric field to accelerate ions in these sources is generated by an electron current, of 
roughly the same magnitude as the ion beam current, interacting with a magnetic field. 
The ion beam current densities possible with this acceleration process are much greater 
than those possible with gridded sources, particularly at low ion energies. 


The primary use of gridded, broad-beam sources has been in thin film research appli- 
cations, which started about 1970, and increased rapidly thereafter (2,3). This rapid 
growth resulted from the advantages of these ion sources compared to competitive proc- 
esses, These advantages include ions that are accelerated into a beam with a well-defined 
and controlled direction, density, and energy. Further, the ion generation is removed 
from, and independent of, target processes. Both control and process definition are more 
difficult with competitive plasma processes. 


The early thin-film applications of gridded ion sources were limited to etching and 
deposition. In many recent applications the objective can be better described as property 
modification or enhancement, rather than simply etching or deposition (4). 


Until recently, the few successful production applications have usually involved pro- 
ducts of very high unit cost, so that the use of highly skilled operators could be justified 
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(5). The shift to conventional production applications was delayed by the complicated 
operation and maintenance of early gridded ion sources, which frequently resulted from 
inappropriate designs derived from the space-propulsion program. Ion sources suited to a 
production environment, both gridded and gridless, have been available for several years 
and have resulted in substantial increases in production applications (6,7). The review of 
technology presented herein will emphasize recent developments. 


7.2 GRIDDED ION SOURCES 


7.2.1 General Description 


The schematic diagram of a gridded broad-beam ion source and its controller (power 
supplies) is shown in Fig. 1. The working gas is introduced into the discharge chamber, 
where energetic electrons from the cathode strike and ionize atoms or molecules of the 
working gas. The ions that approach the ion optics (the screen and accelerator grids) are 
extracted from the discharge chamber and accelerated into the ion beam. The apertures 
in the grids are aligned so that the screen grid protects the accelerator grid from direct 
impingement during normal operation. Electrons from the neutralizer both charge and 
current neutralize the ion beam. The actual recombination of these electrons with ions is 
normally a negligible process. 
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Figure 1: Schematic diagram of gridded, broad-beam ion source and controller. 
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The function of the discharge chamber is to generate ions efficiently, controllably, and 
with little need for maintenance. A variety of discharge chamber configurations have been 
used, and all use a magnetic field to contain the energetic electrons emitted from the 
cathode and thereby improve the efficiency. Both permanent magnets and electromagnets 
are used to provide the magnetic field. If an electromagnet is used, an additional power 
supply is required to energize the electromagnet. 


The maximum ion beam current, I,, that can be accelerated by the ion optics is given 
approximately by 


Tp = (69/9) Ay(e/m)/?ve7/1,7 (1) 


where e, is the permittivity of space, A, is the beam area, e/m is the charge-to-mass ratio 
of the accelerated ions, V, is the total voltage (V, + V), and 1, is the gap between the 
screen and accelerator grids. This equation is derived from Child’s law (8), but is only 
approximate because the effective area for ion extraction is less than the total beam area 
and the effective acceleration distance is greater than the gap between the grids. The ac- 
tual beam current is usually only 20-50% of the approximate value given by Eq. (1). 


Because the ion-beam current varies as V,°/”, the maximum beam current that can be 
extracted without direct impingement of energetic ions on the accelerator grid depends 
strongly on the beam voltage, V, . 


The cathode and neutralizer in Fig. 1 are of the hot-filament type. The electron 
emission for either of these functions can be supplied instead by a hollow cathode (9), 
which requires a separate gas flow, usually argon, krypton, or xenon. 


7.2.2 Present Technology 


The most common working gas for gridded sources is argon. Reactive gases such as 
nitrogen and oxygen are frequently used, and even more reactive gases incorporating 
chlorine or fluorine are sometimes used. 


The discharge chamber and the ion optics are two major components of the ion source 
that have been involved in recent technology developments. Most recent improvements 
in discharge chamber configurations have resulted in reduced maintenance requirements. 
These improvements have typically used anodes that contain sputtered material and are 
easily removed for cleaning. 


RF discharges for the generation of ions have been the subject of increased interest 
for thin-film applications. The types presently being investigated include inductively 
coupled (10), capacitively coupled (11), and microwave (12). (The inductively coupled 
type has been used previously in the electric space propulsion field.) 


The primary advantage of an rf discharge in thin-film applications should be de- 
creased maintenance when the ion source is operated with reactive gases. If rf discharges 
are to be used in a significant number of thin film applications, this decreased mainte- 
nance must be obtained without excessive contamination from the ion source during 
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normal operation and without excessive sensitivity to the normal industrial operating en- 
vironment. 


Over the past decade, improvements in ion optics have permitted increased beam 
current capacity at moderate beam voltages, often with increased reliability and decreased 
maintenance. Assuming circular ion optics, the ion-beam current can be shown to be 
proportional to the square of the ratio of beam diameter to grid gap, (d,/1,)? . Assuming 
the same voltages are used, if one set of ion optics is to have a larger ion-current capacity 
than another set, the ratio d,/l, must be larger for that set. If this ratio is the same, the 
beam current capacities of the two ion optics sets will be approximately the same, re- 
gardless of any difference in physical size. 


The ion current densities that are obtainable depend on the grid spacing (1, in Eq. (1)) 
and the voltages used. Note that the ion-beam current is very sensitive to total voltage. 
A quoted ion-beam current or current density therefore has little meaning without the 
corresponding ion energy. For example, higher beam currents can always be obtained at 
high beam voltages, V,, of 1500-2000 V. Such high voltages and ion energies can, how- 
ever, cause excessive damage to substrates and photoresist in etching applications and are 
relatively inefficient in terms of material removed per unit beam energy in either etching 
or deposition applications. 


To fully utilize a small grid spacing, small grid apertures and grid thicknesses should 
be used. As the grid spacing is reduced, then, the reduced aperture diameters and reduced 
grid thicknesses result in an increasingly fragile grid structure. The limit is not a clearcut 
one, but the increasing difficulty in handling and maintaining fragile grids does result in 
a practical limit on the minimum grid spacing. Graphite grids tend to present more han- 
dling and maintenance problems than molybdenum grids in a production environment. 


The trend is toward larger ion sources for larger production capability. To maintain 
a small grid gap, l, over a large beam diameter, d,, requires careful thermo-mechanical 
design. The largest value of d/l, hence the largest beam current capability at moderate 
beam voltages, is presently obtained with dished molybdenum grids (7). 


An example of present production capability is an ion source with a beam diameter 
of about 0.4 m (7). Ion-beam currents of 4-5 A are possible - up to 4 A without exceeding 
1000 eV (a beam voltage, V, , of 1000 V). These large ion-beam currents permit a sub- 
stantial increase in processing capability. A cutaway sketch of a large ion source is shown 
in Fig. 2, Ease of maintenance and reliable operation are crucial for a production envi- 
ronment. The discharge chamber anode covers and protects the magnet and pole-piece 
structure, so that this structure does not accumulate debris and require cleaning. The 
anode is also readily removable for cleaning. 


The ion optics are dished molybdenum. As described previously (5), alignment of the 
ion optics for broad beam sources has been a major maintenance and reliability problem. 
A large number of ion optics that require a manual alignment procedure have been used 
in the past. The serious nature of the alignment problem is indicated by the fact that most 
of these ion optics have, after extended service, accelerator-grid apertures that have heen 
worn into noncircular shapes by operation while misaligned. Ion optics can be designed 
designed to obtain precise alignment from a straightforward assembly procedure;(13) 
thus bypassing manual alignment altogether. 
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Figure 2: Cutaway sketch of large production ion source. 


7.3 GRIDLESS ION SOURCES 
7.3.1 General Description 


The schematic diagram of a gridless broad-beam ion source and its controller is shown 
in Fig. 3. The electron emission from the cathode is controlled with the cathode supply. 
The anode potential is determined by the anode current, the strength of the magnetic 
field, and the gas flow. An electromagnet is shown in Fig. 3, but a permanent magnet can 
also be used, thereby eliminating one of the power supplies shown. A gas flowmeter is 
included because the voltage of the anode supply is normally controlled by the gas flow 
at a particular beam current. The cathode supply is customarily an ac supply when fila- 
ment cathodes are used; however, hollow cathodes are also used as electron sources. As 
mentioned above, the gases used for hollow cathodes in industrial applications have been 
inert gases. 
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Figure 3: Schematic diagram of a gridless, broad-beam ion source and controller. 


A gridless ion source can be described as a plasma device operating in approximately 
the glow-discharge regime. The ions are electrostatically accelerated into a beam with the 
accelerating electric field established by an electron current of comparable magnitude to 
the ion beam current, interacting with a magnetic field. One component of the electron 
motion is counter to the ion flow. Another component is normal to that direction. The 
current associated with this normal component is called the Hall current. In gridless ion 
sources there is a complete, or closed, path for the Hall current. In addition, for the ions 
to be accelerated into a beam, rather than much more diffusely, the ion cyclotron radius 
must be much larger than the total acceleration length. 


Even when operating properly, though, the ions in a gridless ion source are generated 
over an extended region with varying potentials, resulting in beam ions with a range of 
energy, typically + 30% of the mean ion energy. This is much more than the several Volt 
variation of potential in the discharge chamber of a correctly operating gridded ion source. 


The positive space charge and current due to the ions in this beam are neutralized by 
some of the electrons that leave the cathode. Most of the electrons from the cathode flow 
back toward the anode and both generate ions and establish the potential difference that 
accelerates these ions. The excess electron emission from the cathode is approximately 
sufficient to current-neutralize the ion beam when the electron emission equals the anode 
current. The cathode is operated in excess of this current in many thin film applications. 
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There are several types of gridless ion sources. Two basic geometries are described 
herein. The end-Hall type, named because the beam exits the acceleration region at the 
end (axis) of the magnetic field, and the closed-drift type, in which the ion-acceleration 
channel is annular, rather than circular as it is in the end-Hall. There can be a number 
of variations within these two general categories that emphasize particular operating or 
performance characteristics. Usually, but not always, closed paths for the circulating Hall 
current are provided with axially symmetric electrodes and magnetic pole pieces. 


The cross section of a closed-drift ion source is shown in Fig. 4 along with a schematic 
electrical diagram. The magnetic field direction is generally radial. The electrons from 
the cathode flow back through the annular channel to the anode. In passing through the 
radial magnetic field, a circulating Hall current is generated in the annular channel. 


Most closed-drift ion sources have had dielectric channel walls and a channel length 
at least equal to the channel width, as indicated in Fig. 4 (1,15-17). In addition, the 
electron cyclotron orbit is small compared to the acceleration length. 


The electric field that accelerates the ions is generated in the radial magnetic field of 
a closed drift ion source, and is the result of the reduced plasma conductivity across 
magnetic-field lines. The strong-field approximation is appropriate for the field strengths 
used in the closed drift source. The ratio of conductivities parallel and transverse to the 
magnetic field is then 


o/o = CHA (2) 


where w, is the electron-cyclotron (angular) frequency and v, is the electron collision 
frequency. The electron collision frequency is determined by the plasma fluctuations as- 
sociated with anomalous diffusion when conduction is across a strong magnetic field. 
Using Bohm diffusion to estimate this frequency, 


oy/on = 256 (3) 


Because Bohm diffusion is typically accurate only within a factor of several, the ratio of 
Eq. (2) should be treated as correct within an order of magnitude. It should still be ex- 
pected that 


oy >> o1 (4) 


Analysis of the closed-drift acceleration process shows that two distinctly different 
acceleration processes can take place. In one case the electrons in the acceleration region 
were assumed to be at a negligible temperature (zero). The potential variation throughout 
the acceleration region then was found to be smooth and continuous. As a result of the 
continuous and extended acceleration process, this type has been called a closed-drift 
extended-acceleration (CDEA) source (18). If, however, the electrons were assumed to 
heat up as they flowed from the ion exit to the ion formation region, then a near- 
discontinuous potential jump occurred at the positive end of the acceleration channel. 
The remainder of the acceleration was assumed to take place in an axial length of the or- 
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der of the local electron-cyclotron orbit. Accelerators that operate with this type of ac- 
celeration are called anode-layer accelerators (19). 


Figure 4: Closed-drift extended-acceleration (CDEA), thruster (single stage). (1) Gas 
feed; (2) anode distributor; (3) magnetic circuit, pole pieces; (4) magnetic winding; (5) 
cathode neutralizer; (6) discharge power supply; (7) insulator (Ref. 14). 


Except for certain geometrical considerations the operation of the end-Hall source 
can be described in the same general manner as the closed-drift ion source. The cross 
section of an end-Hall ion source is indicated in Fig. 5. The neutral atoms or molecules 
of the working gas are introduced to the ion source through a port. Electrons from the 
cathode approximately follow magnetic field lines back to the discharge region enclosed 
by the anode and strike atoms or molecules therein. Some of these collisions produce ions. 
The mixture of electrons and ions in the discharge region forms a plasma. Because the 
density of the neutral atoms or molecules decreases rapidly downstream of the anode 
(toward the cathode) most of the ionizing collisions with neutrals occur in the region 
surrounded by the anode. 
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Figure 5: Cross section of an end-Hall ion source. 


From the difference in conductivity parallel and normal to the magnetic field (Eq. 
(4)), it would be expected that the magnetic field lines in Fig. 5 would approximately 
determine the equipotential contours in the plasma. Further, the field lines closer to the 
anode would be more positive in potential. Radial surveys of plasma potential made using 
a Langmuir probe show some potential increase when moving from the axis to a magnetic 
field line close to the anode, but the increase is only a fraction of the total anode-cathode 
potential difference. The bulk of this difference appears in the axial direction . That is, 
parallel to the magnetic field, where, from Eq. (4), the potential difference would be ex- 
pected to be small. 


The time-averaged force of a nonuniform magnetic field on an electron moving in a 
circular orbit can be calculated. For a variation of field strength in only the direction of 
the magnetic field, this force is parallel to the magnetic field and toward decreased field 
strength (opposite the field gradient). Assuming an isotropic distribution of electron ve- 
locities, two-thirds of the electron energy is associated with motion normal to the mag- 
netic field, and therefore interacts with this field. For a uniform plasma density, the 
potential difference in the plasma can then be obtained by integrating the electric field 
required to balance the magnetic-field force on the electron, which gives 


AV, = (kT,/e) In(B/B,) (5) 
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where k is the Boltzmann constant, T, is the electron temperature in K, e is the electronic 
charge, and B and B, are the magnetic-field strengths in two locations. With B > B,, the 
plasma potential, V,, at B is greater than that at B,. 


Axial surveys (6) of plasma potential in the end-Hall source are found to be in ap- 
proximate agreement with Eq. (5). There is an additional effect of plasma density on po- 
tential, and a more complete description of the variation of plasma potential with 
magnetic-field strength must also include this effect. 


7.3.2 Present Technology 


The only gridless ion sources that are commercially available for thin film applications 
are the end-Hall type. These gridless ion sources can be used for beam currents up to 
about one Ampere, and can readily be developed for larger currents. Typical ion energies 
range from about 30 eV to a little over 100 eV. 


End-Hall ion sources have been used in thin-film and surface processing applications 
for a comparatively short time (6). The high-current, low-energy capabilities of these 
sources make them particularly suited to thin film property modification or enhancement, 
such as increasing hardness, passivating surfaces, producing a preferred crystal orien- 
tation, activating surface chemical reactions or improving step coverage. They are also 
suited to a production environment because they are simple to operate, mechanically 
rugged, and reliable. Oxygen and nitrogen are probably the most frequently used gases in 
these ion sources. 


7.4 CONCLUDING REMARKS 


Gridded ion sources with the reliability, ease of maintenance, and large processing 
capability should find greatly increased use in production applications. 


Hall-effect ion sources generate ion beams with fairly well-controlled direction, a 
controllable energy range and current density. The major advantage of these sources is 
the ability to generate large ion currents at low energy. These sources should find in- 
creased application in thin film and surface processing, especially in production, where a 
simple, reliable source of large ion currents can have a significant impact. 
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Reactive lon Etching 


Gottlieb S. Gehrlein 


8.1 INTRODUCTION 


Wet etching processes in many semiconductor manufacturing steps have been re- 
placed by plasma assisted etching procedures. The most important driving force behind 
the rapid introduction of plasma-based etching technology into current semiconductor 
manufacturing has been the achievement of etch directionality and the ability to faithfully 
transfer lithographically defined photoresist patterns into underlying layers. In addition, 
plasma based dry etching processes are superior to wet etching because of cleanliness, 
compatibility with automation and vacuum processing technologies, such as molecular 
beam epitaxy. Plasma-based etching techniques include ion milling, sputter etching, re- 
active ion beam etching, plasma etching, and reactive ion etching, several of which have 
been reviewed in this book. This chapter is devoted to a survey of reactive ion etching 


[1]. 


Reactive ion etching (RIE) is a plasma-based dry etching technique characterized by 
a combination of physical sputtering with the chemical activity of reactive species. This 
enables the achievement of material selective etch anisotropy. 


8.1.1 Basic RIE Apparatus and Reaction Steps 


A basic reactive ion etch system is schematically illustrated in Fig. 1. The following 
processes take place in the system during ion enhanced etching: 


a. Active species generation: In RIE a glow discharge is used to generate from a 
suitable feed gas (e.g., carbontetrafluoride - CF, - in the case of silicon and 
silicon dioxide) by electron-impact dissociation /ionization the gas phase etch- 
ing environment which consists of radicals, positive and negative ions, 
electrons, and neutrals. 


b. Formation of a dc bias for ion acceleration: The material to be etched is placed 
on a high-frequency-driven (commonly 13.56MHz) capacitatively coupled 
electrode. Since the electron mobility is much greater than the ion mobility, 
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after ignition of the plasma the electrode acquires a negative charge (the cor- 
responding voltage is called self-bias voltage). Therefore, the electrode and 
material placed on the electrode will be exposed to energetic, positive ion 
bombardment. 


Transport of plasma-generated reactive intermediates from the bulk of the 
plasma to the surface of the material being etched: This occurs by diffusion 
which, for particular structures such as narrow deep trenches, can limit the etch 
rate. 


Adsorption step: Reactive radicals (F atoms) adsorb on the surface of the 
material (Si) to be etched. This step can be strongly enhanced by concurrent 
ion bombardment which serves to produce "active sites" since it aids in the re- 
moval of the fluorinated surface layer which othcrwisc passivates the Si surface. 


a TO: 
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SYSTEM 
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Figure 1: Schematic diagram of apparatus used for reactive ion etching in 
semiconductor processing. 


Reaction step: A reaction between the adsorbed species and the material to 
be etched must take place. In the case of fluorine-based etching of silicon 
chemical reactions between the fluorine atoms and the surface produces either 
volatile species (SiF,) or their precursors (SiF, SiF,, SiF,). Because of the 
plasma-induced formation of reactive radicals, e.g., fluorine atoms, etc., the 
reaction rate is very large relative to reaction rates in non-plasma environments. 
The reaction step can be greatly enhanced by ion bombardment. For instance, 
chlorine atoms are known to adsorb readily on silicon surfaces but the sponta- 
neous etch rate in a glow discharge without ion bombardment is very slow. Ion 
bombardment makes it possible for adsorbed chlorine atoms to attack more 
efficiently the backbonds of silicon and form a volatile SiCl, molecule. 


Desorption of volatile reaction product: The desorption of the reaction product 
into the gas phase is one of the most critical steps in the overall etching reaction. 
This requires that the reaction product has a high vapor pressure at the 
substrate temperature which, in RIE, is typically below 100°C. The removal 
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of reaction product from the surface can be greatly accelerated by ion 
bombardment via sputtering. 


g. Pumpout of volatile reaction product: This requires that the desorbed species 
diffuse from the etching surface into the bulk of the plasma and are pumped 
out. Otherwise plasma induced dissociation of product molecules will occur and 
redeposition can take place. 


Table 1 is a (non-critical) collection of typical RIE parameters reported in the litera- 
ture [1] and is primarily intended to provide the reader with a rough idea of the magnitude 
of these quantities. 


Table 1: Typical characteristics of low pressure plasmas used for reactive ion etching. 


Quantity 


rf Power Density 

rf Frequency 
Pressure 

Gas Flow 

Wafer Temperature 
Gas Temperature 
Electron Temperature 
Ion Energies 


Gas Number Density 
Ion Density 

Electron Density 

Ion Flux 

Radical Flux 
Neutral Flux 


Typical Values 


0.05-1.0 W/cm? 

10 kHz - 27 MHz (commonly 13.56 MHz) 
0.01-0.2 Torr 

10-200 sccm 

-120°C up to 300°C 

300-600 K 

3-30 eV (bulk of plasma) 

=.05 e V (bulk of plasma) 

10-500 eV (after traversing cathode sheath) 
3.5x10!4 — 7x10'%cm-3 

109-10!%cm-3 

Similar to ion density 

10!4 — 10%em-~? sec-? 

10'6em-? sec~! 

3.6x10!8 — 7.2x10%em-2 sec"! 


8.1.2 RIE PROCESSES IN SEMICONDUCTOR TECHNOLOGY 


Although the physical and chemical processes underlying reactive ion etching are still 
only incompletely understood, RIE has been very successful in meeting the etching re- 
quirements of todays semiconductor technology in regard to etch directionality and etch 
selectivity [2]. With etch directionality (or etch anisotropy) the ratio of vertical to hori- 
zontal etch rate of a material immersed in a plasma is conventionally denoted. The etch 
selectivity between two materials is the ratio between their etch rates under the same 
conditions. Etch selectivity is much more difficult to achieve in reactive ion etching than 
in wet etching, since the substantial ion bombardment involved in RIE makes chemical 
differences between different materials less important in the etching process. 
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In Table 2 etching steps in silicon device processing which are currently performed 
using reactive ion etching or plasma etching are listed. Many of the processes listed are 
non-critical etches and the desired objectives are relatively easy to achieve. The demands 
on etch directionality are highest in the formation of deep (= 6 um and greater) trenches 
for storage capacitors in the silicon substrate. The most challenging applications from the 
point of view of etch selectivity are (a) the formation of contact holes though oxide to 
silicon and silicided junctions and (b) polysilicon/polycide gate definition and stopping 
on a thin (<10nm) oxide. Other etching steps are associated with different challenges, 
e.g. the patterning of Al(Cu) in chlorine discharges [3]. Copper is added at the percent 
level to Al in order to increase the electromigration resistance of Al lines. AIC1, has high 
volatility at room temperature and aluminum etches easily in chlorine; CuCl] has low 
volatility and Cu related residues can form. In order to remove the CuCl effectively both 
a higher temperature and significant ion bombardment are needed. These critical appli- 
cations have been well researched and a great deal of understanding has been obtained. 
In this article we will use these prototypical applications to highlight our current under- 
standing of etch sclectivity and ctch dircctionality mechanisms in RIE. The considerations 
presented in this article apply to etching applications characterized by similar require- 
ments but not covered because of space limitations, e.g. RIE of compound semiconduc- 
tors, polymers, etc. 


Table 2: Common applications of plasma/reactive ion etching in silicon technology. 


Application Etch Step 
Device Formation Polysilicon/polycide gate; sidewall; storage node; 
emitter contact. 
Isolation Deep trench; shallow trench or recessed oxide. 
Interconnections Contacts; metal; interlevel vias. 
Other Multilayer resist definition; resist strip; 


backside strip; planarization. 


This chapter is a brief review of reactive ion etching as applied to pattern transfer, 
primarily in silicon technology. Most of the past (and present) efforts to understand 
plasma-based dry etching processes have been directed to the investigation of halogen- 
based etching of silicon and silicon related materials and our knowledge of those systems 
has reached a level of maturity which is far greater than of other etchant-substrate sys- 
tems. Several of the topics covered also are of particular interest to this author and, for 
the sake of convenience, I have disproportionately drawn on experimental results of my 
collaborators in the description of these topics. Rapid progress is heing made in all as- 
pects of plasma based etching; therefore this review focuses on concepts, rather than 
listing data obtained on all different systems. Although the detailed plasma chemistry of 
rf discharges used for etching materials of interest to compound semiconductor technol- 
ogy, packaging, etc., is different from the one described here, many of the basic processes 
are similar. Many of the considerations presented in this article can therefore be cau- 
tiously adapted to plasmas utilized for the patterning of different materials. 
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8.2. ETCH DIRECTIONALITY 
8.2.1 General Considerations 


Etch directionality is due to directed energy input into an etching reaction at a surface 
and can be accomplished by ion, electron or photon bombardment of a surface exposed 
to a chemical etchant. The achievement of etch directionality in the case of RIE is due 
to energetic ion bombardment. An important clarifying experiment was performed by 
Coburn and Winters [4]. They exposed a silicon surface to a well-defined dosage of 
chemical etchant, XeF,, and simultaneous energetic Ar ion bombardment. A key result 
of their studies has been that the silicon erosion rate obtained for a silicon surface simul- 
taneously exposed to the XeF, chemical etchant and to the Ar ion beam is much greater 
than the sum of the ctch rates for exposure to the ion beam and chemical etchant sepa- 
rately. This synergism can explain the etch anisotropy obtained under these conditions. 
Recent photoemission work by McFeely et al. [5] has shed some light on the mechanism 
of ion enhanced etching for the XeF,/Si system: It was observed that a silicon-fluorine 
reaction layer much thicker than a monolayer was formed. Volatile SiF, was seen trapped 
in the reaction layer. A preponderance of SiF, was observed which suggested that the re- 
action to form SiF, from SiF, was the rate limiting step of the etching reaction. It was 
observed that when the reaction layer was bombarded with Ar ions the Ar ion beam 
tended to drive a disproportionate reaction in which involatile SiF, molecules on the Si 
surface were converted into SiF, and volatile SIF, etch product. 


Several mechanisms have been proposed for ion-induced reactions resulting in en- 
hanced etching [6,7]. Some of the primary models are: 


a. Chemically enhanced physical sputtering [8] 
In this model the modified surface layer has a larger sputtering yicld than the 
unmodified surface, e.g. SIF, — species are less tightly bound than Si and have 
a greater sputtering yield. 


b. Damage model [9] 
Lattice damage produced by ion bombardment increases the reaction rate of 
etchant species with the substrate relative to undamaged material. 


c. Chemical sputtering model [10] 
In this model ion bombardment induced collision cascades supply energy to the 
reaction layer which is used to increase the mobility of molecules which will 
form volatile products and desorb into the gas phase. 


There are other models or variants of above models. Depending on the particular 
etchant-substrate under consideration a different ion-enhancement mechanism may be 
dominant. For instance, it appears that the lattice damage model is not important for the 
fluorine-silicon system [11], while there is evidence of its importance for the fluorine- 
tungsten system [11,12]. 


8.2.2 Fluorine- vs. Chlorine- vs. Bromine-Based Plasmas 


Etching of Si can be accomplished using F-, Cl-, and Br-based chemistries and the 
etch products are volatile SiF,, SiC], and SiBr,, respectively. Most studies have focused 
on halocarbon chemistries, specifically CF,. Mogab studied the etching of Si in a CF, 
plasma with negligible ion bombardment of the Si substrate [13]. He measured the in- 
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tensity of the 704nm atomic fluorine related optical emission. A one-to-one correspond- 
ence of Si etch rate and atomic fluorine emission as the rf power was varied was observed, 
showing that F atoms are directly involved and their gas phase density controls the rate 
of the Si etching process for simple CF, plasmas. Etching of silicon in fluorine-based 
plasmas results normally in a large undercut of the masking layer, indicating a large 
chemical etch rate. Because of this fluorine-based plasmas have not commonly been used 
for anisotropic etching of silicon. However, Tachi and his coworkers showed recently that 
the horizontal silicon etch rate using an SF, plasma can be dramatically reduced by cool- 
ing the substrate to a temperature of -120°C and near-ideal etch profiles can be obtained 
[14]. The low substrate temperature was thought to suppress spontaneous chemical 
etching reactions occurring on the sidewalls of the trench. Ion assisted etching reactions 
which dominate at the bottom of the trench were not affected by the low substrate tem- 
perature and the vertical silicon etch rate increased as the temperature was decreased, 
possibly due to condensation of etchant. 


Chlorinc and bromine bascd chemistrics arc primarily used to achicve anisotropic etch 
profiles in single crystal silicon. Etch directionality for these etchants may be explained 
by the observation that crystalline silicon and silicon dioxide are not spontaneously etched 
by chlorine and bromine atoms [15]. Chlorine molecules dissociatively chemisorb on sin- 
gle crystal silicon at room temperature and form an ordered chlorine overlayer. Cluster 
calculations have shown that chlorine atoms on a silicon surface have to overcome an 
energy barrier of = 10eV in order to attack the backbonds of silicon surface atoms in order 
to form SiC1, [16]. No energy barrier for fluorine to penetration of the silicon surface 
was found, indicating that sub-surface SiF, species will form spontaneously. The size of 
the halogen relative to the silicon atom plays an important role. The results of the calcu- 
lations are consistent with the absence of spontaneous etching of silicon exposed to 
chlorine atoms. Chlorine based etching of undoped silicon and equivalent etching condi- 
tions have been described as ion-initiated etching in contrast to fluorine-based etching 
which is ion-assisted [9]. Etching of silicon using CL,/Ar RIE results in very directional 
profiles [17]. It is possible that sidewall passivation is absent under these conditions, al- 
though it is not possible to rule out a sidewall passivation layer formed by redeposition 
of masking material. 


In contrast to undoped silicon, highly doped silicon (dopant concentration 
~107°cm"?) etches spontaneously in a CL discharge. Schwartz et al. [17] observed hori- 
zontal etching of a buried highly As-doped silicon layer in a low pressure (10 mTorr) Cl, 
discharge (see Fig. 2). However, for a CCl, discharge or undoped silicon the etching was 
perfectly directional. Mogab et al. observed that etching of doped polycrystalline silicon 
in a 300mTorr Cl, plasma resulted in an isotropic profile [18]. Directional etching could 
be achieved by adding C,F, to Cl, and forming a sidewall passivation layer. The doping 
effect and the concept of sidewall passivation will bc discussed in the following sections. 


Mixed halocarbon etching gases containing chlorine and bromine are often used for 
anisotropic etching, e.g. CCIF,, CCLF,, CCl,F, CF,Br. The fluorine-carbon bond is 
stronger than the chlorine-carbon or bromine-carbon bond. Electron-impact dissociation 
of the mixed halocarbons produces primarily chlorine or bromine atoms and the etching 
characteristics using these discharges are chlorine- or bromine-like. For example, Matsuo 
[19] used a 30mTorr CF,Br plasma to directionally etch silicon using an oxide mask, 
whereas a CF, plasma using similar conditions resulted in nearly isotropic etching char- 
acteristics. The concentration of chlorine and bromine can be increased by adding oxygen 
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to the mixed halocarbon gases [9]. However, this will also result in oxidation of the 
fluorocarbon recombinant (CF,) and reduce the tendency for polymer formation and 
sidewall passivation. 


Figure 2: Scanning electron 
micrograph illustrating the 
lateral etching of a highly As 
doped Si layer in a Cl/As 
plasma. The etching parame- 
ters were: 2mTorr 
CL/8mTorr Ar, 1iscem Ch, 
27.12 MHz, 0.67W/cm? 
(From Ref. 17). 


8.2.3 Doping Effect 


The Si etch rate depends on the electronic properties of the Si substrate (doping ef- 
fect). N-type silicon (e.g. P, As, etc. doped) etches faster than intrinsic silicon which 
etches faster than p-type silicon (B, Ga, etc. doped). The dopant concentration of silicon 
needs to be greater than ~10!%cn7? in order to observe a doping dependence of the etch 
rate. Figure 3 is from the work by Lee et al. [20] who measured the chemical etch rate 
of silicon per gas phase fluorine atom as a function of rf power. Heavily As-doped silicon 
(n-type) etched faster than intrinsic silicon which etched faster than heavily B-doped 
silicon (p-type). The increase in the silicon etch rate per gas phase fluorine atom with rf 
power was thought to be due to heating of the silicon substrates. The doping effect is not 
chemical in nature since it is absent if the dopants are not electrically activated [18]. The 
doping effect depends on the electronic structure of the surface and has been explained 
by band bending effects at the semiconductor surface [20]. Coulomb attraction between 
uncompensated donors, such as Ast, and chemisorbed halogens, e.g. F^, enhances the 
Si etch rate for n-type Si. On the other hand, Coulomb repulsion between uncompensated 
acceptors, ¢.g. B^, and chemisorbed halogens, such as F~, inhibits the Si etch rate for p- 
type Si. A detailed study of the doping effect for silicon has recently been completed by 
Winters et al. [21]. 


The doping effect decreases with ion-bombardment and is difficult to observe for re- 
active ion etching conditions as a doping dependence of the vertical etch rate [22]. Its 
technological significance lies in the fact that it makes the control of profile shapes in 
trench etching difficult. Trench formation in silicon technology, e.g., for capacitor and 
device isolation applications, commonly involves etching through Si layers of different 
doping levels. Since the lateral etch rates (chemical etching only) of the differently doped 
Si layers are not the same, non-ideal trench profiles due to different, doping-level de- 
pendent amounts of mask undercutting would result (see Fig. 2). The solution to this 
problem has been sidewall passivation. 
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Figure 3: Doping effect in 


T 10 plasma etching. The chemical 
2 etch rate per fluorine gas 
E phase atom for n-type, p-type 
£ and undoped silicon is shown 
z as a function of rf power. The 
x experimental conditions were: 
Š 13.56MHz rf, Al cathode, 
È o5 76.8%CF,/19.2%0,/4%Ar, 


50sccm total flow, 25mTorr 
(from Ref. 20). 
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8.2.4 Etch Directionality Through Sidewall Passivation 


Sidcwall passivation laycrs (sce Fig. 4) arc kcy to achicving ctch dircctionality in 
many dry etching processes [9,23]. The glow discharge chemistry is chosen so that etch 
inhibiting films can form as long as they are not exposed to ion bombardment, which leads 
to the dissolution of these films. Sidewalls of trenches are not exposed to ion 
bombardment and will be covered by the etch-inhibiting films and prevent mask under- 
cutting. The bottom of the trench which is exposed to ion bombardment is free from 
passivating film and etching reactions can proceed. 


Sidewall passivation makes it possible to achieve etch directionality for 
etchant/substrate systems which normally exhibit isotropic etching characteristics, e.g. 
fluorine-based etching of silicon using a SF, discharge. In Fig. 5 secondary electron 
micrographs of silicon trenches formed by SF,/O, RIE using various percentages of O, 
are displayed [24,25]. Reactive ion etching of silicon using pure SF, results in a large 
undercut of the oxide mask and nearly isotropic etch profiles (see Fig. 5(a)). As SF, is 
diluted with oxygen the etch profiles become more and more directional and the undercut 
of the oxide mask is reduced (Figs. 5(b) through 5(f)). The simplest explanation for the 
observed etching behavior is that in the absence of ion bombardment, i.e. at the trench 
sidewall, oxidation of silicon takes place rather than fluorine attack and concomitant 
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Figure 4: Schematic of 
the concept of sidewall 
passivation enabling di- 
rectional etching without 
undercut of etch mask. 


Figure 5: Secondary electron micrographs of Si trenches formed by reactive ion etching 
at 25mTorr using SF,/O, gas mixtures illustrating the reduction in mask undercut and 
improvement in etch directionality with increasing oxygen content. The etching was per- 
formed using 200W 13.56MHz rf power, a pressure of 25mT and a gas flow of 100sccm 
and a quartz covered cathode was used. The opening in the oxide mask is 3 um wide; the 


etch time was 10 min for all trenches (from Ref. 24). 
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etching. The sidewall of the trench is protected from etching by the resulting "sidewall 
film". For bombarded surfaces (bottom of the trench) the fluorine attack of silicon is 
enhanced, oxidation of silicon is reduced and etching can proceed. Without oxygen in the 
feed gas the protective sidewall film can not be formed and the trench etch profile is 
nearly isotropic. The composition of the sidewall film formed in SF,/O, RIE has recently 
been determined using in-situ angle resolyed X-ray photoemission [24]. Regular arrays 
of trenches were illuminated with X-rays at grazing incidence which caused shadowing 
of the trench bottoms and no X-ray induced photoelectron emission from those areas. 
The contribution of the sidewall film was differentiated from the oxide mask by exploiting 
electrostatic charging differences due to the photoemission process. The composition of 
the sidewall passivation layer could thus be determined in-situ. For the SF,/O, trench 
etching process it was found to be a fluorinated oxide-like layer with an oxygen/silicon 
ratio of 1.7 and a fluorine/silicon ratio of 1.0. The sidewall passivation layer could be 
dissolved in buffered hydrofluoric acid and was removed with the oxide mask. 


Passivation of sidewall features is observed for most reactive chemistries. T'he sources 
of sidewall passivation material can be suitable precursors formed in the plasma gas phase, 
erosion and redeposition of masking material or formation of etch products with low 
volatility and redeposition. Conceptually it appears simplest to add the sidewall 
passivation forming gas directly to the primary etching gas, e.g. adding O, to SF,, C,F, 
to Cl, [18], ete. and control the amount of sidewall passivation by the mixing ratio. 
However, addition of the sidewall forming gases changes the etch rate, mask selectivity, 
etc. of the process and requires process modifications, e.g. the formation of very thick 
masking layers for trench etching. For example, addition of 50% O, to SF,/O, decreases 
the silicon etch rate and the etch selectivity to the oxide mask by a factor of ~5. Often 
too little sidewall passivation is formed using the gas mixing method and horizontal etch- 
ing still occurs (see Fig. 5 (f)). In many etching processes the supply of sidewall 
passivation material is therefore enhanced (or sometimes solely controlled) by indirect 
processes where passivation material is provided by eroding the etch mask, e.g. argon and 
xenon have been added to the etching gases in order to cause enhanced sputtering of the 
photoresist or oxide masking layer and subsequent redeposition. 


In order to improve control of the etch profile, methods to decouple the etching 
process from the formation of sidewall passivation have been suggested. Tsujimoto et al. 
[26] have used a gas and bias voltage chopping method to enable anisotropic etching of 
silicon and tungsten. They sequentially generated SF, etching and NH, sidewall film for- 
mation plasmas, respectively. At the beginning of each etching cycle the dc bias was in- 
creased to enable etching of the passivation film deposited onto the bottom of the feature. 
The advantage of this method is thought to be that the NH, sidewall film formation 
processes are independent of and do not disturb the SF, etching plasma. 


8.2.5 Aspect Ratio Dependence of Etch Rate 


As lithographic capabilities improve feature sizes in semiconductor technology will 
continue to shrink. In trench etching the trench width (or opening) will therefore decrease 
while the etch depth of the trench will remain the same or become even greater. The as- 
pect ratio (depth/width) therefore increases. Reactive ion etching of trenches with 
submicron openings and high aspect ratio is more difficult than formation of trenches with 
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smaller aspect ratio. For a given (sub-micron) opening width the etch rate decreases as 
a function of the aspect ratio (or depth of the trench) which increases the demands on 
etch selectivity with respect to the mask. This effect has been examined by Chin et al. 
[27] and their results are displayed in Fig. 6. The etch rate decreases almost linearly as the 
aspect ratio increases and is determined by the aspect ratio, regardless of the opening size 
(for opening widths less than 1 micron). This phenomenon has becn attributed to a di- 
verging electric field in the trench (27], diffusion effects on the supply of reactant to the 
bottom of the trench and consumption of reactant at the trench sidewalls. At this time the 
dominant mechanism which causes this effect has not been established. 


Figure 6: Aspect ratio dc- 
pendence of the silicon etch 
rate in submicron trench 
etching (CCLF,/O, gas 
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8.3 PLASMA CHEMICAL CONSIDERATIONS 


A large variety of fluorine, chlorine, bromine and oxygen based etching plasmas with 
a profusion of gas additives are used in the semiconductor industry (see Table 3). In most 
cases a specific etching gas mixture (or "recipe'') is based on a great deal of empirical 
evidence obtained for a particular etching application rather than real fundamental 
understanding of the relevant plasma chemistry. However, certain basic insights have 
proven to be helpful in formulating etching gas mixtures [28]. The most studied and best 
understood etching gas mixtures are CF,/O, and CF,/H, plasmas. 


8.3.1 Effect of Oxygen Addition 


The addition of small amounts of O, to a CF, plasma is known to increase the fluorine 
atom concentration in the discharge dramatically [29-31]. This is due to reaction of oxy- 
gen with CF, radicals to form CO, CO,, and COF, and produce more free fluorine. This 
effect, in combination with the lowering of the concentration of CF, radicals by oxygen 
reaction (e.g. CF,), reduces the recombination of F atoms with CF, and increases the 
steady-state F atom density. The consumption of unsaturated CF, species by oxygen has 
the additional effect of suppressing polymer formation on surfaces which proceeds from 
unsaturated intermediates, such as CF,. As oxygen is added to CF, the fluorine atom 
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Table 3: Materials and reactive gases used for reactive ion etching in silicon technology. 


Material Reactive Chemistries Remarks 
Silicon CF,/O,, SF,, NF;, Anisotropy difficult 
CL, BCL, CCI, Directional, good SiO, selectivity. 
HBr, CF,Br, Directional. 
Oxide F,/H,, CHF,/C,F,,CHF,/CO, Etch selectivity to Si. 
Nitride CF, CHF,, SF,, NF;,, Characteristics intermediate 
to Si; SiO,. 
TiSi, CCLF,, CCl, Control of oxygen impurities. 
WSi CF,/0,, SF, 
Ww CF,/O,, SF, 
Al CL, BC., CCL, SiC Removal of native oxide. 
Al(Cu) CL, BCL, CC1,,SiCL,, Cu removal, removal of native oxide. 


Polymers O,, O,/CF, 


concentration increases at first (up to ~20% O, addition) and subsequently decreases 
again due to dilution. These fluorine-rich plasmas are used for isotropic etching of silicon. 
The etching of silicon in CF,/O, glow discharges is also of interest scientifically since it 
displays nicely how gas phase processes can control the etching behavior for certain con- 
ditions whereas surface processes will limit the etch rate for slightly different experimental 
conditions. Figure 7, from the work of Mogab et al. [29], shows the etch rate of silicon 
as a function of the fluorine concentration in the gas phase measured by optical emission. 
The fluorine concentration in the gas phase was varied by adding oxygen to the CF, 
plasma. Depending on the amount of oxygen added to the plasma two different Si etch 
rates can be observed for the same fluorine concentration. The Si etch rate is determined 
by the concentrations of both fluorine and oxygen atoms in the gas phase because they 
compete for active Si surface sites. Mogab et al. [29] proposed that increased oxidation 
of the Si surface for increasing oxygen percentages in the feed gas is responsible for the 
lower Si etch rates observed for high fluorine concentrations if simultaneously the oxygen 
concentration is large. Recently the etching behavior of silicon in CF,/O, was reexam- 
ined and in-situ X-ray photoelectron spectroscopy was used to characterize the silicon 
surfaces after etching [32]. Photoelectron spectroscopy showed that a SiF,O, reaction 
layer was formed on the Si surface and that the composition of the layer changed from 
primarily SiF-bonding to SiO-bonding as the percentage of O, in CF,/O, was increased. 
Simultaneously the layer grew in thickness. The silicon etch rate is plotted versus the 
SiF,O, layer thickness in Fig. 8 [32]. The percentage of O, in CF,/O, for which a par- 
ticular etch rate and film thickness value was obtained is also indicated. As oxygen is 
added to pure CF, the etch rate increases and the film thickness decreases. Both of these 
effects should be a result of the rise in fluorine atom gas phase concentration (see Fig. 
7) which was also observed in this study [32]. For O, percentages greater than 5% O, 
the film thickness increases, the Si etch rate reaches a maximum near 7.5% O, and sub- 
sequently decreases. The Si etch rate for oxygen concentrations greater than 7.5% cor- 
relates to and appears to be controlled primarily by the thickness of the SiF,O, layer, 
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rather than by the F atom concentration in the gas phase which increases up to 15%0, 
addition. Progressively thicker films on Si are formed as a result of increased oxidation 
and decreased fluorination of the Si surface as the percentage of O, in CF,/O, is in- 
creased. For the same SiF,O, layer thickness different Si etch rates can be observed. 
These results show that for low oxygen concentrations the etch rate is controlled by the 
arrival rate of fluorine to the surface and responds to increases of the gas phase fluorine 
concentration. For high oxygen concentrations the etch rate is limited by oxidation of the 
silicon surface and correlates well to the thickness increase of the surface reaction layer. 


Figure 7: Etch rate of 
silicon versus fluorine 
concentration in gas phase 
determined by optical 
emission spectroscopy. 
Percentages of O, in 
CF,/O, are indicated. 
The experimental condi- 
tions were: 350mTorr, 
4000 496% 02 200scem total flow, 200W 
rf, 100°C sample temper- 
ature, samples grounded 
v 5 10 15 20 (from Ref. 29). 
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Similar effects of oxygen addition may occur for chloro- and bromocarbon plasmas 
(e.g., CF,Cl, CF,CL, CCL, CF,Br) where an increase in the Cl or Br concentration and 
a decrease in the formation of polymer may result [9]. 


140 
Figure 8: Silicon etch rate as a 
function of the SiF,O, layer thick- 
ness. The numbers next to the data 
denote the percentage x of O, used 
in CF,/O, RIE. The fluorine atom 
gas phase concentration is at a max- 
imum at 15% oxygen addition. Ex- 
perimental conditions: 200W 
13.56MHz RIE, 25mTorr, 100sccm 
total flow, quartz cathode (from 
5 10 15 20 25 Ref. 32). 
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8.3.2 Effect of Hydrogen Addition 


The addition of small amounts of hydrogen to CF, plasmas reduces the concentration 
of free fluorine because of HF formation. A lower fluorine atom concentration decreases 
the importance of recombination of fluorine with CF, radicals and a discharge rich in 
unsaturated fluorocarbons, such as CF,, is produced. These species are precursors of 
polymeric fluorocarbon films which deposit on the inner surfaces of the plasma chamber. 
If the hydrogen concentration is too high polymerization occurs on all surfaces and etch- 
ing stops. Similar effects can be achieved by adding CH,, C,H,, CHF,, etc. or alterna- 
tively C,F,, C,F,, etc. to CF, discharges. These fluorine deficient discharges are 
important since they enable selective etching of SiO, (see section on selective etching). 


A useful indicator of the predominance of etching over deposition (polymerization) 
is the fluorine/carbon ratio of the discharge [33]. In this model the theoretical F/C ratio 
for the discharge is calculated, i.e. the F/C ratio is 4 for CF,, 3 for CF, etc.. Hydrogen 
addition lowers the F/C ratio by reacting with fluorine atoms to form HF, oxygen addi- 
tion increases the F/C ratio by CO, CO, formation, mixing of CF, with CH, lowers the 
F/C ratio, loading with an etchable material which consumes fluorine lowers the F/C 
ratio, and so forth. For a silicon substrate, etching is observed for F/C ratios greater than 
3 whereas fluorocarbon film deposition is observed for F/C ratios of less than 2. At 
intermediate F/C ratios the changeover from deposition to etching depends on the degree 
of ion bombardment possible under the particular etching conditions, with greater ion 
bombardment inducing etching. 


It appears that the effect of hydrogen addition on mixed halocarbon based plasmas 
(such as CCIF,) is similar to effects observed with CF, plasmas. For CCIF, it has been 
shown that hydrogen addition results in a discharge with very similar characteristics to a 
CF,/H, discharge, e.g. for silicon the deposition of a chlorofluorocarbon film is observed 
[34] and SiO, /Si etch selectivity is achieved [35]. 


8.3.3 Other Gas Additives 


Noble gases such as argon and helium are often added to stabilize plasmas or for 
cooling purposes (He for high pressure plasmas). Argon addition can also cause inert ion 
bombardment of a surface and result in anisotropic etching (e.g., Ar/CL, RIE of Si). The 
consequences of diluting a reactive gas with a noble gas are not easily understood. The 
addition of a chemically inert gas may significantly change the electron energy distribution 
in a plasma and alter the reactive species population in the discharge. This effect is ob- 
served when the ionization potential of the chemically inert additive is very different from 
the ionization potentials of the plasma species of the primary gas. An altered reactive 
species make-up of the discharge, e.g. enhanced dissociation, can also be due to more 
complex effects. For example, Gottscho et al. [36] examined the mixing of BCI, with He, 
Ar and Kr using laser induced fluorescence. They found that energy transfer from noble 
gas metastable states to BCI, states to cause enhanced dissociation of BCL. 


8.3.4 Loading Effect 
The "loading" effect refers to a significant depletion of the etchant species in the gas 


phase due to consumption in the etching process. Depending on the gas phase mean free 
path, the number and structure of specimens being etched the loading effect may be both 
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global, i.e. the reactant concentration in the reactor is uniformly lowered, and local. 
Mogab analyzed the relationship between etch rate ER and area A of wafer load and 
found this expression [13]: 


Kios G 
ER(A) = L Kerch/KrossIG (1) 
1+ (ketch? A/ Kloss Y) 


where Keten and k,,,, are the first order rate constants for etching and etchant loss in an 
empty reactor, respectively, G is the rate of production of etchant species, p the number 
density of substrate molecules, and V the volume of the reactor. For a large wafer load 
area A equation (1) becomes ER(A) = GV/pA and the etch rate varies inversely with the 
wafer load area A. The importance of the loading effect is decreased by making k,,,, large 
relative to Keten, L.e. by consuming etchant species through processes other than reaction 
with the wafer load, e.g. rapid pumping. 


The local loading effect is important for patterned wafers (pattern sensitivity) and is 
difficult to minimize. In this case the reactant concentration varies locally due to con- 
sumption by a reactive material and non-consumption by a non-reactive material. Figure 
9 shows results of the work by Selwyn [37] who measured the spatially resolved oxygen 
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atom concentration in an oxygen plasma over graphite and aluminum surfaces using laser 
induced fluorescence. At 25mm above the target only a minor variation is observed be- 
tween the graphite (loaded) and the aluminum (unloaded) portions of the electrode. Ata 
height of 2mm above the samples a strong gradient in oxygen atom concentration can be 
observed above the two sections of the electrode, which is apparently due to the con- 
sumption of oxygen atoms by the etching of graphite. The gradual decrease in oxygen 
atom concentration observed between the Al and graphite sections of the cathode is in- 
dicative of diffusional processes in the plasma. At a height of 25mm above the electrode 
diffusion/ mixing processes have eliminated the O atom concentration gradient. 


8.4 ETCH SELECTIVITY 
8.4.1 General Considerations 


Etch selectivity of a film being etched is required with respect to the etch mask and - 
if present - to the underlayer. Etch selectivity to the underlayer is more critical since in 
most cases the mask will be removed after the etching step whereas the underlayer be- 
comes part of the completed device. Commonly a certain amount of overetching (i.c. 
etching beyond the time when complete removal of the film being patterned is first sig- 
nalled by endpoint detection - see section 7) needs to occur in order to account for non- 
uniform etch rates throughout the reactor and ensure complete removal of the film 
everywhere on the wafer. 


Etch selectivity of a material A over a material B in reactive ion etching is due to rate 
differences of the elementary steps taking place at the surfaces of these materials. These 
are a) the adsorption step, b) the reaction step, and c) the desorption step. The following 
mechanisms can he responsible for the achievement of etch selectivity: 


a. Selective formation of an etch inhibiting layer on one material. Due to the si- 
multaneous presence of different plasma gas phase species several processes 
occur in parallel at surfaces immersed in a processing plasma. For example, in 
fluorocarbon-based plasma etching of silicon and silicon dioxide it is known 
that fluorine induced etching occurs in parallel with, and competes with, 
fluorocarbon film deposition. If the processing conditions are chosen such that 
etching and deposition are nearly balanced for a material A (i.e. SiO,), this 
balance may be tilted to deposition for a different material B (i.e. Si) because 
of a different net adsorption rate for the gas phase precursor of the passivating 
film (due to higher sticking coefficients, different reactivity, etc. with the sur- 
face of B). This is the basis for selective etching of silicon dioxide over silicon 
in a fluorocarbon plasma, such as CHF,, and will be discussed in more detail 
later. 


b. Non-reactivity of material B in plasma environment, e.g. ashing of photoresist 
on a silicon dioxide film in an oxygen discharge. The photoresist layer will 
volatilize by forming C-O, H-O, etc. related species, but the SiO, layer is not 
attacked by the oxygen plasma. 


c. Non-volatility of reaction product, c.g. ashing of photoresist on silicon in an 
oxygen discharge and formation of involatile silicon dioxide. The photoresist 
reacts with oxygen to form volatile species whereas silicon reaction with the 
oxygen plasma causes the formation of an involatile reaction product. 
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In many practical situations a combination of these factors may determine the achieved 
etch rate ratio. A very useful indicator of the possible plasma etch selectivity is the 
volatilization ratio of two materials exposed to controlled atom or molecular beams. Ex- 
perimentally it has been found that these non-plasma etch rate ratios are relevant to 
plasma etching environments without ion bombardment. For instance, Flamm and his 
coworkers have determined an etch rate ratio of silicon to silicon dioxide exposed to 
fluorine atoms of 41:1 [38]. A similar Si/SiO, etch rate ratio can be achieved in a glow 
discharge of SF, which provides a fluorine-rich plasma with a low dc self-bias voltage 
[24,25]. 


The effect of ion bombardment is to accelerate the same elementary surface processes 
that are responsible for the achievement of etch selectivity, i.e. the adsorption, reaction 
and desorption steps (sce section 1). This reduces the importance of "bottlenecks" in the 
overall etching reaction. It is not surprising therefore that ion bombardment nearly always 
decreases the possible etch rate ratio of chemically different materials exposed to a reac- 
tive plasma from the "intrinsic" value. 


8.4.2 Silicon Dioxide to Silicon Etch Selectivity 


The important case of etching selectively silicon dioxide over silicon in a fluorocarbon 
plasma is discussed now in some detail. For SiO, and Si no acceptable etch selectivity can 
normally be obtained in a CF, discharge. Heinecke discovered that addition of H, to 
CF, makes it possible to minimize the etching of Si as compared to the etching of SiO, 
[39]. This approach was subsequently investigated further and optimized by Ephrath et 
al. [40] for RIE applications. Lehmann et al. [41] used CHF, and obtained similar results. 
As hydrogen is added to a CF, plasma the Si etch rate decreases monotonically as the 
percentage of H, is raised and eventually stops. The percentage of hydrogen where Si 
etching stops depends on the plasma etching process parameters, e.g. the total gas flow, 
pressure, etc., but is typically ~30-60%H, in CF,/x%H,. For a CF,/H, composition 
sufficient to stop the etching of Si only a small decrease of the silicon dioxide etch rate 
(220% of maximum etch rate) is observed [40]. The role of hydrogen in controlling the 
Si etch rate is twofold. (i) Atomic H scavenges atomic F in the gas phase to form HF 
molecules and the Si etch rate which depends on the F concentration is consequently re- 
duced. (ii) More important in slowing down the Si etch rate and achieving SiO,/Si etch 
selectivity is the selective formation of a fluorocarbon film on the Si surface as a result 
of hydrogen addition to a CF, plasma. For suitably chosen RIE processing conditions the 
fluorocarbon film is not formed on SiO,, allowing etching of SiO, to proceed [42,43]. This 
is shown in Fig. 10. Carbon ls X-ray photoemission spectra are displayed for SiO, and 
Si surfaces after reactive ion etching in CF,/40%H, plasmas, a gas mixture used to se- 
lectively etch SiO, over Si (etch rate ratio ~20:1) [40]. The photoemission peaks are due 
to the fluorocarbon film which covers the silicon substrate after reactive ion etching. The 
chemical groups giving rise to the photoemission peaks are C — CF,, CF, CF, and CF, 
(in order of increasing binding energy). An additional shoulder centered at a binding 
energy of 284eV is apparent also in the carbon 1s spectrum for silicon. The chemical 
origin of the 284eV component is silicon-carbon bonding and arises from bonds localized 
at the fluorocarbon film/silicon interface [42,44]. The formation of a silicon-carbon 
bond is a critical step in the formation of a fluorocarbon film on silicon since the silicon- 
carbon bond is the "bridging bond" between the silicon substrate and the fluorocarbon 
layer. The importance of surface carbon contamination of silicon in the achievement of 
SiO, /Si etch selectivity was first observed by Coburn in Auger studies [45]. 
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Figure 10: A comparison of carbon 1s X-ray photoemission spectra measured for Si and 
SiO, after CF,/40%H, reactive ion etching. The etching was performed using 200W rf 
power, a pressure of 25mTorr and a gas flow of 40sccm. The samples were transferred 
in vacuum from the RIE chamber to the surface analysis chamber. The peaks observed 
for silicon are due to a fluorocarbon film which is absent for reactive ion etched SiO, 
(from Ref. 51). 


In the lower panel of Fig. 11, the fluorocarbon steady-state film thickness is shown 
as a function of the hydrogen percentage in the CF,/H, discharge for silicon and oxide. 
Whereas the fluorocarbon film thickness on silicon increases roughly linearly with hydro- 
gen addition to CF,, little fluorocarbon is formed on SiO, for all hydrogen concentrations. 
In the upper panel of Fig. 11 inverse Si and SiO, etch rates are shown. The SiO, etch rate 
remains nearly unaffected by the addition of H, to CF, and the Si etch rate drops off 
significantly. Silicon etch rate suppression relative to SiO, and fluorocarbon film thick- 
ness increase on Si relative to SiO, show a very similar behavior as a function of H, ad- 
dition to CF,, showing that the Si etch rate and the achieved SiO,/ Si etch selectivity is 
controlled by the fluorocarbon film thickness. The fluorocarbon film interrupts the chain 
of elementary surface processes necessary for Si etching to proceed. The film decreases, 
and eventually completely prevents, the supply of fluorine to the silicon/fluorocarbon film 
interface [42,43]. Silicon etching stops because the fluorocarbon film limits the fluorine 
attack necessary to sustain silicon etching. 
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Figure 11: Upper panel: Inverse Si and SiO, reactive ion etch rates in a CF,/ H, plasma 
as a function of percentage of hydrogen. A total gas flow of 40sccm was used, the pres- 
sure 25mTorr, and 200W rf power supplied to the teflon covered cathode. The cathode 
diameter was 12 inches. As hydrogen is added the SiO,/Si etch rate ratio is seen to in- 
crease. Lower panel: Fluorocarbon film thickness on Si and SiO, measured after 5 min 
of reactive ion etching using identical conditions. The similarity of the two plots is strongly 
suggestive that the suppression of the silicon etch rate (and the achievement of SiO,/Si 
etch selectivity) is due to the selective formation of the relatively thick fluorocarbon film 
on silicon (from Ref. 51). 


Hydrogen addition to CF, plasmas is required since laser induced 
fluorescence/optical emission studies have shown that atomic hydrogen reacts with CF, 
to form HF and CF, [46,47]. The increase in the density of CF, radicals, the fluorocarbon 
film precursor [48], enhances the formation rate of the fluorocarbon film. Since hydrogen 
also lowers the atomic fluorine concentration via HF formation, the revolatilization of the 
fluorocarbon film by fluorine-based etching is reduced as the hydrogen percentage in the 
CF,,/H, gas mixture is increased. 


Etch selectivity is a consequence of the presence of oxygen in SiO, which minimizes 
fluorocarbon film growth on the oxide (see Fig. 10). The absence of the fluorocarbon film 
on oxide makes etching of silicon dioxide possible. Qualitatively, the absence of 
fluorocarbon film on SiO, is rather plausible. During etching of silicon dioxide, oxygen 
is continuously present on the etching surface which can react with the fluorocarbon film 
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precursor(s) to form volatile CO, CO, and COF,. However, the microscopic processes 
which lead to the fluorocarbon film absence on SiO, are likely to be complex and are very 
difficult to study experimentally. Virtually no experimental data which shed light on the 
mechanistic details of these processes in realistic etching plasmas are available at this time. 


Etch selectivity of SiO, with respect to other substrates using the same discharge 
chemistry (25mTorr RIE conditions) has been shown to be due to the same selective 
fluorocarbon film formation mechanism. For example, the photoresist etch rate decreases 
in a fashion similar to that of silicon as H, is added to CF, [40]. Using photoresist pat- 
terned SiO,/Si specimens it has been shown that the photoresist mask and the Si contact 
hole are covered by the same fluorocarbon film following RIE [49]. The same conclusion 
was reached for TiSi, and Ti substrates using the CF,/ H, gas mixture [50,51]. The latter 
case is significant since TiF, species have very low volatility (TiF, has a boiling point of 
1400°C) and a TiF, surface passivation layer may have been expected as responsible for 
SiO,/Ti etch selectivity. 


8.4.3 Silicon to Silicon Dioxide Etch Selectivity 


High etch selectivity of silicon over silicon dioxide is required in the formation of 
silicon trenches using oxide masks, the patterning of poly-Si gate contacts over the gate 
oxide and a great number of other steps. In the definition of the poly-Si gate the require- 
ment is to stop on a thin (<10nm) gate oxide since otherwise the underlying shallow 
source-drain junctions in the Si substrate would be rapidly etched. As indicated by the 
"intrinsic" Si/SiO, etch rate ratio for fluorine atoms of 41 [38], high Si/SiO, etch selec- 
tivities of 30 and greater are possible using fluorine- and also chlorine-based plasmas, e.g. 
SF, and Cl, discharges enable the achievement of excellent Si/SiO, etch selectivity. In 
fact, thin oxide layers, e.g. the native oxide on silicon, can completely prevent etching of 
the silicon [18] or, if non-uniformly etched, cause the formation of surface roughness in 
the silicon layer ("black" silicon or sometimes called "grass"). The native oxide has to 
be removed initially using a short oxide etch, e.g. a CF, plasma. The primary difficulty in 
etching poly-Si and crystalline Si is control of the etch profile (see section on etch 
anisotropy). Chlorine-based chemistries have been used for directional silicon etching, 
e.g. CL, CCl, [17] (which is not recommended since it has ~5 times worse selectivity to 
the oxide than a Cl, plasma and is a carcinogen), CCLF,, CCLF,, CL,/SF, mixtures, and 
so forth which provide good etch directionality. Silicon etching processes using only 
chlorine, e.g. CL, are characterized by a slow etch rate. The addition of a small percentage 
of SF, to CL increases the etch rate without loss of directionality, presumably because of 
sidewall passivation by chlorine [52]. For critical applications "mixed" processes are used 
where certain characteristics, e.g. high etch rate, directionality and selectivity relative to 
the photoresist mask, are optimized in the first part of the etching process and other 
characteristics, e.g. etch selectivity to the SiO, substrate, low damage, etc., are achieved 
in the final part of the process. 


8.5 CONTAMINATION & DAMAGE ISSUES 
8.5.1 Survey of RIE Damage Effects 


The detrimental impact of reactive ion etching on the electrical properties of devices 
has been an area of considerable concern and is thought to be due to RIE related surface 
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contamination and substrate displacement damage [53]. Etch-selectivity is often due to 
the deposition of etch inhibitors, which will remain on the exposed material after com- 
pletion of the dry etching step (see the section on SiO,/Si etch selectivity) and interfere 
with device processing following RIE. Bombardment damage is a concern since, although 
ion energies are typically below 500eV in RIE, the fluence is high (~10"5ions/cm?sec) 
and lattice damage may be introduced. Displacement damage will alter the near-surface 
region of the material which is exposed to the plasma and change its electrical properties. 


The term "RIE damage" has been used for a variety of undesirable RIE effects such 
as: 
a. Surface residues 

These can be intrinsic to the etch process, i.e. related to the chemistry of dis- 
charge such as the fluorocarbon film, or due to the formation of involatile pro- 
ducts with film impurities, e.g. CaF, from Ca in quartz etching. They can be 
extrinsic to the etch process, e.g. depend on the particular etching chamber 
configuration (aluminum electrode vs. teflon electrode). 


b. Impurity penetration (implantation, diffusion) 
Plasma related impurities can penetrate the substrate during RIE, cither as a 
result of direct implantation or diffusion. Hydrogen is of particular concern 
[54]. Substrate temperature control during RIE is also of great importance. 


c. Lattice damage 
Point defects or extended defects can be introduced into the substrate by RIE. 
For silicon exposed to CF, plasmas, point defects known from radiation dam- 
age studies have been observed, e.g. carbon-carbon-silicon self-interstitial 
complexes [55,56]. 


d. Dopant loss or loss of dopant activity 
After CHF,- and CF,/H,-based oxide RIE, loss of the electrical activity of 
dopants in the near-surface region of the Si substrate has been observed [57]. 
This is in part due to hydrogen-boron interaction in which a hydrogen atom 
which penetrated the silicon during RIE bonds to the dangling Si bond at the 
substitutional B site and renders the dopant electrically inactive [57]. 


e. Heavy metal contamination 

Transition metal contamination (nickel, iron and chromium) of semiconductors 
is caused primarily by sputtering of stainless steel parts of the chamber and 
subsequent contamination of the semiconductor [58]. These impurities diffuse 
very readily into the semiconductor and introduce energy levels near the middle 
of the energy gap which act as recombination centers and reduce the minority 
carrier lifetime. Heavy metal contamination is reduced by increasing the 
grounded/ powered electrode area ratio which lowers the plasma potential. 


f. Surface roughness 
This effect can be extrinsic, e.g. micromasking due to Al sputtering and 
redeposition in fluorine containing plasmas [59] or possibly intrinsic, e.g. etch- 
ing of rough overlayer and replication of roughness in the underlayer. 


g. Gate oxide breakdown or introduction of traps [60,61]. 
Gate oxide breakdown has been observed as a result of RIE and the origin of 
the effect is not well understood. In one model oxide breakdown is thought to 
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be caused by the transient surge current as the rf power is turned off and the 
coupling capacitor discharges [60]. 


h. Mobile ion contamination [62]. 
Etching of the electrode material, e.g. teflon which often contains significant 
concentrations of sodium, exposes sodium at the surface of the electrode. In a 
fluorine-based discharge sodium does not form a volatile product and can con- 
taminate the wafer being etched. 


i. Post-RIE Corrosion [63] 
In chlorine-based etching of aluminum, residues containing chlorine will remain 
after RIE. Upon exposure to atmosphere HCI is formed and corrosion of the 
Al lines takes place. The chlorine-containing residues are removed by post-RIE 
plasma/wet cleaning treatments. 


These material modifications impact the performance of electronic devices built from 
RIE damaged materials. For example, surface residues and lattice damage have been 
shown to change the Schottky barrier height and reduce the forward leakage current of 
Schottky barriers formed on dry etched silicon [64]. Surface residues and dopant deacti- 
vation caused by contact hole etching through SiO, to the Si substrate have resulted in a 
high contact resistance of ohmic contacts fabricated on the exposed Si surface [57]. Sur- 
face roughness, gate oxide breakdown and mobile ion contamination reduce the quality 
of silicon dioxide layers which were either present during the RIE step or subsequently 
thermally grown on dry etched Si. In the latter case the interface state density was in- 
creased and the breakdown strength of the oxides was reduced as compared to controls. 
The amount of change depended on the voltage applied during etching [65]. Silicon lattice 
damage and heavy metal contamination reduce the minority carrier lifetime of silicon. 


8.5.2 Silicon Surface Modifications Due to Selective SiO,;Si RIE 


It is important to differentiate between surface modifications which are essential to 
meeting the objectives of the RIE process and those which occur coincidentally, without 
any obvious function in the etching process. In the latter case it will be possible to elimi- 
nate these material modifications by improved RIE process/chamber design. In this sec- 
tion surface and near-surface substrate modifications caused by a prototypical RIE 
process, namely CF,/H,-based (or CHF,-based) selective etching of SiO, over Si, are 
described [66,67]. This etching situation encompasses essential possible concerns with 
RIE, since a critical, active surface region of a Si device is exposed to the plasma. 


The changes in the silicon near-surface region incurred as a result of selective oxide 
removal by CF,/H, RIE are schematically depicted in Fig. 12 [54]. This picture is based 
on these measurements: i) In ion channeling and X-ray photoemission studies a 
fluorcarbon film was detected on the silicon substrate. The thickness of the film is limited 
to less than =Snm. ii) A thin SiO, layer is present underneath the C,F-film which is 
formed after air exposure of the etched specimens. iii) A heavily damaged Si layer 
(=3-5nm thick) is formed near the Si surface. In ion channeling, this layer causes a more 
intense and wider Si surface peak. Raman scattering due to the destruction of crystalline 
long range order has also becn observed for dry-ctched Si, demonstrating the existence 
of a disordered, amorphous-like region near the surface. iv) The existence of sub-surface 
silicon carbon bonding was established by X-ray photoemission spectroscopy. v) Hy- 
drogen at depths in excess of ~30nm was detected in dry etched specimens by nuclear 
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reaction profiling. By Raman scattering the stretching modes of Si-H centers were ob- 
served. By substituting deuterium for hydrogen in reactive ion etching and using sec- 
ondary ion mass spectrometry, deuterium at concentrations of 10!’atoms/cm} has been 
detected at a Si depth of more than 200nm from the surface after 1min of plasma expo- 
sure. vi) Transmission electron microscopy studies revealed no extended Si defects for 
pure CF, or CF,/20%H, RIE. For CF,/40%H, or pure H, RIE extended lattice defects 
were observed after overetching [68]. The extended defects consisted of {111} planar 
defects distributing to a depth of 30nm from the Si surface. Hydrogen was shown to play 
a critical role in the formation of extended Si defects as a result of RIE [69]. 
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Figure 12: Schematic view of changes of the near-surface properties of the silicon 
substrate resulting from a SiO, to Si selective reactive ion etch process using 
CF,/40%H,. The etching was performed using 200W rf power, a pressure of 25mTorr 
and a gas flow of 40sccm. The Si substrate was exposed for 1min to the plasma. After 
RIE and prior to surface analysis the Si sample was exposed to air which caused the 
growth of the thin oxide layer underneath the fluorocarbon film (from Ref. 54). 


The performance of electronic devices formed on CF,/H, RIE modified silicon (as 
shown in Fig. 12) is dramatically different from control samples. Data obtained with 
Schottky barriers demonstrated the following: (i) The leakage current measured was se- 
verely reduced for reactive ion etched silicon relative to control specimens. The reduction 
of the leakage current correlated with the thickness of the C,F-film overlayer [70]. (ii) 
The ideality factor n was 3.7 for the Si samples exposed for 15 seconds to the plasma, 
largely due to an increase in the density of surface states by more than an order of mag- 
nitude as compared to controls [70]. (iii) In DLTS measurements performed with 
CF,/H, dry etched p-type silicon, five hole traps located at 0.18, 0.21, 0.33, 0.43 and 
0.48eV above the valence band were observed [71]. None of the observed hole traps 
could conclusively be related to a known defect structure, although it appeared that the 
0.33eV level was due to a defect consisting of two carbon atoms. For n-type Si four 
electron traps located at 0.14, 0.17, 0.27 and 0.35eV below the conduction band edge 
were observed as a result of CF,/H, RIE [72]. The 0.17 and 0.27eV traps appeared to 
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be hydrogen related. Complementary information was obtained by minority carrier life- 
time measurements using MOS-structures formed with CF,/H, dry etched Si [73]. These 
showed a severely reduced Si minority carrier lifetime due to defects in the substrate. Both 
hydrogen and accumulation of carbon in the vicinity of the surface [73] were thought to 
be responsible for the electrical degradation. The published electrical measurement data 
are consistent with the picture of RIE induced surface modifications of Fig. 12 as regards 
both the C,F-overlayer (reduction in diode leakage) and subsurface damage (reduced Si 
minority carrier lifetime, increased surface state density and deep level traps). 


8.5.3 Etch Rate Dependence of Lattice Damage 


The residual lattice damage level in a substrate is a strong function of the maximum 
ion energy as determined by the sheath potential and pressure, the ion flux, the types of 
species present in the discharge (e.g., hydrogen), the presence/absence of passivation 
layers, and so forth. However, the primary variable which controls the amount of residual 
damage in a substrate after RIE is the substrate etch rate. Upon exposure of a substrate 
to the reactive ion plasma, damage will be introduced into the substrate and accumulate. 
At the same time, reactive ion etching of the substrate occurs which consumes the dam- 
aged layer. Initially the degree of disorder in the near-surface substrate region will in- 
crease with etching time. The time necessary to reach a steady-state and a constant 
damage level will vary with the etch rate. These competitive effects were considered in 
reference [66] and it was shown that for a location x, fixed with respect to the substrate 
surface, the impurity (or damage) concentration will have reached its maximum possible 
value to within 1% after a time tnax : 


2.694R, +R, —X| 

tmx? ——— ER (2) 
with AR, being the straggle and R, the projected range of the impinging ions. The etch 
rate is denoted by ER. A good approximation for the low ion energies of interest in RIE 
is the assumption that the range straggling equals the numerical value of the projected 
range. For the present example they are set equal to 2.3nm. The location x, within the 
substrate for which the time evolution of residual damage is examined is set equal to the 
projected ion range R,. Equation (2) becomes 


6nm 


tinax™ ER (3) 


This expression is used to evaluate the maximum RIE related impurity concentration 
as a result of ion implantation for different typical RIE applications. Table 4 shows that 
for rapid etching conditions of 600nm/min, representative of silicon etching in a SF, dis- 
charge, steady-state is reached within 0.6sec. If a dose rate of 1015 ions/cm?sec which is 
typical of RIE plasmas is assumed, that all ions are retained by the sample and that the 
residual damage profile coincides with the impurity profile, we find that the maximum 
retained dose is 6x10!4ions/cm?. For a slower etch rate of 60nm/min, which is more 
typical of a CF, discharge, the time to steady-state is 6sec and the maximum possible re- 
tained dose is 6x10!5ions/cm*. For a very slow etch rate of 0.6nm/min, which is char- 
acteristic of selective etching conditions, the time to reach steady-state is 600sec and the 
maximum possible retained dose is 6x10!7ions/cm2. These considerations indicate that, 
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depending on the substrate etch rate, the importance of RIE induced damage will vary for 
different etching applications. For high etch rates little residual damage should be ob- 
served. Indeed little Si substrate damage is observed after SF, based RIE (rapid Si etch 
rate), Residual damage will be important primarily for conditions of slow or negligible 
etching, such as for selective etching conditions. As seen in section 5.2, major Si near- 
surface modifications can occur during a selective etching process with negligible etching 
of the Si substrate. 


Table 4: Example of the etch rate dependence of the concentration of residual RIE in- 
duced substrate impurities (or substrate lattice damage). 


Etch Rate Time to Reach Maximum Dose Remark 
Steady-State Retained 
(am/min) (sec) (cm2?) 
600 0.6 6x10!4 SF, based RIE of silicon. 
60 6 6x10" CF, based RIE of silicon. 
0.6 600 6x1017 CHF, based RIE of silicon. 


8.5.4 Post-RIE Surface Recovery Treatments 


The example of the contact hole etching process described in section 8.5.2 indicates 
that in many cases a reactive ion etching step has to be followed by a surface cleaning 
step. In general the goal is the removal of etch passivation layers, such as the 
fluorocarbon film in silicon dioxide etching, chlorine-containing residues for aluminum 
etching to prevent long-term corrosion, sidewall passivation films in silicon trench etching, 
the annealing of lattice damage (if introduced), and so forth. Typically RIE induced 
lattice damage is not dealt with explicitly since device processing invariably involves heat 
treatments which will anneal out any lattice damage (e.g., thermal oxidation, ion implan- 
tation anneal, etc.). On the other hand RIE passivation films have to be removed explic- 
itly as part of the RIE process. In the simplest case the passivation film is removed with 
the masking layer, e.g. sidewall passivation layers are often due to erosion and 
redeposition of masking material and the same treatment, such as an acid dip for an oxide 
mask, which removes the masking layer removes the sidewall passivation film. In other 
instances a special surface cleaning process has to be introduced, such as a plasma clean 
in a different plasma etching system. For example, the fluorocarbon film, which is crucial 
to the achievement of SiO,/ Si etch selectivity, is difficult to remove using solvents. It is 
commonly removed by volatilization in an oxygen discharge which also causes the for- 
mation of a thin silicon-dioxide layer on the silicon surface. It would be desirable to 
conduct the fluorocarbon removal treatment in the same chamber as used for the oxide 
etching process in order to minimize sample handling, e.g. an in-situ O, clean. Unfortu- 
nately, as the oxygen discharge cleans the wafer surface it volatilizes simultaneously 
fluorocarbon films from the walls of the etching chamber (deposited during the oxide 
etching step). This produces an oxygen discharge containing a significant density of 
atomic fluorine and causes etching of the exposed contact hole silicon surface. This is not 
acceptable for critical applications. In those circumstances the fluorocarbon layer removal 
treatment has to be undertaken in a different plasma etching chamber not used for 
fluorine-based etching. 
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8.6 REACTOR, EQUIPMENT CONSIDERATIONS 
8.6.1 Reactor Types 


A great number of different reactor types are used for plasma etching. These include 
the barrel etchers (the name derives from the shape) and downstream plasma etchers in 
which the plasma is excited using microwaves and which are characterized by minimal ion 
bombardment and purely chemical etching. Such systems are often used for photoresist 
stripping and other applications where high selectivity and low radiation damage are key 
requirements and the isotropic nature of the etch is not a problem. In applications where 
ion bombardment is required, parallel plate reactors can be employed. In symmetrical 
parallel plate systems, where the rf driven and grounded electrodes are of equal size and 
the plasma is truly confined between the electrodes, the plasma potential is high and both 
electrodes are bombarded by energetic ions. The wafer is placed on the grounded 
electrode (anode coupled system) and is bombarded by energetic ions because of the high 
plasma potential. A disadvantage of this system is that the wafer can casily be contam- 
inated by material sputtered off the counter-electrode. Asymmetrical systems, in which 
the rf powered electrode is small relative to the grounded surface area, are called reactive 
ion etchers (or reactive sputter etchers) and are more commonly used. These systems are 
characterized by a low plasma potential (~30V) and a large self-bias voltage on the rf 
driven electrode (~300-500eV). Because of the low plasma potential relatively little 
sputter contamination from grounded surfaces occurs. The two most popular types of 
reactors used for reactive ion etching have these geometries: (i) The cathode is a hori- 
zontal plate and the walls of the chamber act as the anode of the system (see Fig. 1). 
These reactors can be either batch or single wafer etchers. (ii) The cathode has the shape 
of a hexagon which is surrounded by the cylindrical chamber walls which form the anode 
("hexode" reactor). Hexode reactors are designed for high throughput batch processing. 


Most industrial RIE reactors use 13.56 MHz rf power. This frequency is greater than 
the ion plasma frequency w; = V e?n;/em; where e is the electronic charge, n; and m; the 
ion density and ion mass, respectively, and e the permittivity of vacuum [74]. Conse- 
quently ions can not follow the applied rf field and respond only to the time average of 
the voltage at the cathode, i.e. the self-bias voltage. At a frequency of 100 kHz ions can 
follow the applied rf field and the ion bombardment of the cathode increases relative to 
high frequency excitation. This effect has been exploited in the triode configuration where 
100kHz excitation is supplied to the cathode to maximize ion bombardment and 
13.56Mhz is supplied to an annular electrode surrounding the chamber to produce reac- 
tive ions. 


8.6.2 Reactor Materials 


Since both the electrodes and the walls of the reactor can become sources of sputtered 
material which may deposit on the wafer being etched, the choice of the wall/electrode 
materials is of critical importance. For example, in RIE batch reactors using fluorine 
chemistries the choice of an aluminum electrode results in very undesirable etch charac- 
teristics. Since AJF, is involatile, Al sputtered from the cathode is deposited onto the wa- 
fer surface during processing. The deposition of Al results in micromasking and surface 
roughening of the wafer surface as a result of etching [59]. Micromasking and surface 
roughening can be avoided by using electrode materials which form volatile products with 
the etching gas, e.g. silicon, quartz, graphite, teflon, etc. for use with fluorine based 
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chemistries. These electrode materials give rise to different problems: Since fluorine will 
etch these materials and thus is consumed, the atomic fluorine density in the gas phase 
will be lowered. The etching of quartz or graphite will change the oxygen or carbon con- 
tent of the gas phase. These electrode effects can significantly alter the plasma chemistry. 
For example the few percent of oxygen added to the gas phase by the etching of a quartz 
electrode in a fluorocarbon plasma prevents the formation of fluorocarbon films on 
bombarded surfaces and makes it impossible to achieve etch selectivity of silicon dioxide 
over an underlayer based on fluorocarbon film passivation of the underlayer. In this ap- 
plication an electrode made of graphite, teflon or equivalent is needed instead. The sec- 
ondary electron emission coefficient of electrode surfaces may also influence the nature 
of the discharge. These problems are minimized for single wafer reactors where primarily 
the wafer being etched faces the glow discharge. 


In reactive ion etching the plasma potential is low, so ions striking the walls of the 
reactor have much reduced energies compared with those striking the cathode and little 
material will be sputtered. However, for stainless steel walls any sputtering will free Fe, 
Cr and Ni and these impurities introduce deep levels into silicon which degrade the mi- 
nority carrier lifetime. Even very low concentrations of these heavy metals can make the 
semiconductor unusable and therefore no stainless steel parts should be in direct contact 
with the plasma. 


8.6.3 Chamber Cleanliness, Process Reproducibility Issues 


The addition of small amounts of contaminants to a plasma can significantly change 
the etching characteristics of a given process. The best studied case is the effect of small 
amounts of water to the etching of Al in chlorine plasmas [63]. Aluminum films are cov- 
ered by their native oxide and etching of ALO, is very difficult as compared to Al; the 
etching of Al lines proceeds therefore in a two-step process. First the native oxide is re- 
moved using considerable ion bombardment and oxygen scavengers, such as BCl. Sub- 
sequently the etching of Al takes place. The etching of the native oxide is greatly retarded 
or made irreproducible if small amounts of water are present in the chamber; the water 
will react with the oxygen scavengers. Since the presence of water is primarily due to ex- 
posure of the chamber to room ambient between runs and the adsorption of moisture by 
the chamber walls, many dry etching chambers used in manufacturing employ load locks 
which eliminate this problem. 


The etching process itself can lead to chamber contamination and process 
irreproducibility. For example, if fluorocarbon gases are used to selectively etch SiO, the 
same insulating fluorocarbon film which serves as an etch stop layer is deposited at a much 
greater thickness on the grounded inner surfaces of the reactor. The presence of this film 
changes the etching characteristics of the plasma since it has an effect on both the elec- 
trical properties (by changing the powered/grounded electrode area ratio via insulation 
of the chamber walls) and chemical characteristics (due to fluorine 
consumption/recycling by interaction of the film with reactive plasma species) of the 
discharge. The best procedure appears to be to "condition" the chamber after each 
clean-up by running the process plasma for some time and depositing a film onto the walls 
of the system. The oxide etching characteristics will then be stable in subsequent runs. 
After a certain number of runs the fluorocarbon film on the chamber wails has grown 
thick enough to loose adhesion and cause particulates. In order to prevent this, the 
chamber needs to be cleaned by volatilizing the fluorocarbon film using an oxygen dis- 
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charge. The cycle is then repeated. Similar tool cleaning schedules need to be observed 
for other etching processes. 


8.6.4 Single Wafer vs. Batch Reactors 


Batch reactors commonly work at lower pressure and lower power densities than sin- 
gle wafer reactors and the etch rates are smaller. High throughput is achieved with large 
batch sizes, e.g. up to 24 6-inch Si wafers for commercial systems. Directional etching 
of materials requiring significant ion bombardment to induce etching, e.g. silicon dioxide, 
is possible because of etching at low pressure (10-100 mTorr). Increases in semiconduc- 
tor wafer size to 6-inch and greater and the demand for greater process automation, for 
instance microprocessor controlled cassette-to-cassette loading/unloading, and improved 
process control, such as individual end point detection, have made single wafer etching 
reactors more desirable for many etching applications than batch reactors. In order to 
achieve adequate throughput, high etch rates (~1um/min) are required for single wafer 
reactors. Since the arrival rate of reactive species at the wafer surface controls the etch 
rate, a high reactive species generation rate is a prerequisite. The generation rate R of a 
reactive specie in a glow discharge by electron impact is given by [75] 


R = kn,N (4) 


where k is the reaction rate constant for ionization (or dissociation), n, the electron 
number density and N the neutral gas number density. The reaction rate constant de- 
pends on the electron energy distribution f(e) 


s € 
k= TVE a(e)f(e)de (5) 


where e is the electron energy, m the electron mass, a(e) the cross section as a function 
of energy. Increases in either the rate coefficient k, the number density n, of electrons 
or the gas number density cause a larger generation rate of reactive species. Different 
reactor designs optimize different factors. 


The approach used in the past for single wafer reactors was to operate at a high gas 
pressure (~1 Torr and greater) using a small interelectrode gap (less than 1 cm) and high 
rf input power to achieve high generation rates of reactive species and the required etch 
rates. High pressure single wafer reactors are characterized by a) a high neutral flux to 
ion flux ratio and b) little energetic ion bombardment because of ion-neutral collisions in 
the sheath region. Anisotropic etching in those systems is due to sidewall passivation. 


Directional etching of materials where sidewall passivation is difficult to achieve or 
etching of materials requiring a significant sputtering component (e.g., involatile CuCl 
removal for Al etching, etching of silicon dioxide) cannot be accomplished in high pres- 
sure single wafer reactors and low pressure RIE batch reactors have been used for those 
applications. However, with the current trend to single wafer reactors a great deal of 
development effort has gone into producing low pressure single wafer etchers 
(p<10mTorr) with adequate throughput which would perform tasks currently accom- 
plished in RIE batch reactors. High etchant specie(s) production rates can be achieved 
at low gas pressure by increasing the electron concentration n, in equation 4 using mag- 
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netic confinement to reduce the loss of electrons to the walls of the system. Two primary 
technologies of low pressure single wafer reactors are currently available commercially; 
magnetrons (closely related to conventional RIE reactors) and electron cyclotron reso- 
nance systems. 


In magnetron ion etching (MIE) magnetic field lines parallel to the cathode surface 
(produced either by permanent magnets inside the cathode or external electromagnets) 
and electric field lines normal to the cathode surface (due to the cathode dc bias) confine 
electrons on cycloidal trajectories near the cathode [76]. The probability of an electron 
undergoing dissociative /ionizing collisions with gas phase species is thus enhanced and, 
e.g. the ion/neutral ratio can be ~50 times greater in MIE than in RIE. The mobility of 
electrons towards the cathode is decreased because of this confinement, causing the self- 
bias voltage to be lower than in conventional RIE. A large flux of low energy ions is thus 
produced in magnetrons at low pressure whereas in RIE a small flux of high energy ions 
is produced for the same input power. Anisotropic etching is easier to achieve in low 
pressure single wafer reactors than in high pressure single wafer reactors because of a) a 
high ion-to-neutral flux ratio and b) the reduced probability of ion-neutral collisions in the 
sheath region at low pressure. 


In electron cyclotron resonance (ECR) systems a discharge is produced by microwave 
excitation (commonly 2.45 GHz) [77] (see also Chap. 11). A magnetic field of ~1 
kGauss is applied which decreases as a function of distance from the location of the 
electromagnets. At certain locations the field is 875 Gauss and a resonance between the 
cyclotron motion of the electrons in the magnetic and microwave field occurs. At reso- 
nance the electron cyclotron resonance frequency w.e = eB/2am is equal to the micro- 
wave frequency (where e is the electronic charge, B the magnetic flux and m the electron 
mass). Electrons at resonance convert efficiently microwave energy into ionization and 
dissociation of gas species. The wafer is placed below the discharge chamber and can be 
rf or dc biased to control the energy of impinging ions. In electron cyclotron resonance 
reactors the generation of ions and radicals is effectively decoupled from their acceler- 
ation and energy gain which potentially enables far greater control of the etching process 
than possible in RIE. 


Low pressure single wafer reactors are much more demanding in terms of pumping 
equipment and wafer cooling than RIE systems or high pressure single wafer reactors. 
For high pressure single wafer reactors a mechanical pump is typically sufficient and wa- 
fer cooling is not an issue because of the high working pressure. For RIE an additional 
Roots blower and a turbopump is required to maintain pressures down to 10mTorr at 
adequate gas flows. Because of the relatively low etch rates the temperature rise of the 
wafers during etching is in most cases limited to ~100°C. The pressure for MIE proc- 
essing is near 1mTorr and for ECR etching it can be even lower. Moderate gas flows at 
these low pressures demand very high pumping speeds, e.g. for a flow of 30sccm a 1500 
liter/sec turbopump may need to be employed. Wafer cooling is a critical issue both be- 
cause of the achievement of high etch rates, significant ion bombardment and low pres- 
sure operation. Backside helium cooling using either a wafer clamp or an electrostatic 
chuck is necessary in order to control the etching process and prevent damage to the wafer 
such as resist reticulation. 
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8.7 END POINT DETECTION and PLASMA DIAGNOSTICS 
8.7.1 General Considerations 


The most direct need for plasma diagnostic techniques [78-80] arises in the determi- 
nation of the etch end point for a given process. In addition plasma diagnostic techniques 
are used for process monitoring and provide information on the types of species present 
in a reactive ion etching plasma, their concentration, their energy content, and so forth. 
For etch endpoint detection and plasma diagnostic measurements laser interferometry, 
optical emission spectroscopy and mass spectrometry are the most commonly used tech- 
niques. The first two techniques require only a suitably located optical window on the 
chamber, are easily implemented and enable the obtaining of a great deal of information 
about etching plasmas. Langmuir probe measurements, laser induced fluorescence (LIF), 
coherent anti-stokes spectroscopy (CARS), ellipsometry and infrared/ visible region ab- 
sorption spectroscopy have been used to obtain important insights into reactive ion plas- 
mas but are experimentally more demanding than the former techniques and they have 
primarily been used for plasma research. These latter techniques will not be covered in 
this article. In the future some of these techniques may be used for endpoint detection 
for systems where laser interometry and optical emission methods fail. Selwyn [81] was 
able to detect the presence of As in the gas phase during etching of GaAs and Si using 
laser induced fluoresence. He suggested the use of LIF for detecting the etch endpoint 
in the removal of a boron-doped silicon layer on top of arsenic-doped silicon or vice versa. 


8.7.2 Laser Interferometry, Reflectance 


In this technique the laser light reflected from the surface of a wafer being etched is 
measured. For transparent films, e.g. SiO,, an oscillating signal is observed for the re- 
flected laser light intensity which is due to interference of the reflected light from the film 
surface and the substrate surface. The spacing between adjacent maxima (or minima) is 
6d=A/2n, where À is the wavelength of the laser light and n the refractive index of the 
transparent layer. Etch rates can be determined in real time. For nontransparent films, e.g. 
metals, a change in reflectivity is observed upon complete removal of the metallic film. 
For patterned wafers without an etch stop layer the pattern can be used as a diffraction 
grating and the depth of the etched pattern can be determined in-situ. There are two 
principal drawbacks to these techniques. Firstly, they usually require the presence of a 
special test site since the features being etched, e.g. contact holes into an SiO, film, are 
too small for measurements. Secondly, information about the etch endpoint is obtained 
only for one specific area on the wafer, which can cause difficulties in batch processing. 


8.7.3 Optical Emission Spectroscopy 


Optical emission spectroscopy is the most widely used technique for etch end point 
detection (78,79,80,82]. The change in emission from a characteristic species is observed 
as etching of a film is completed. Either the decrease in emission of a suitable etch 
product specie or the increase in etchant specie at the end of the etching process is mon- 
itored. Table 5 lists for some important electronic materials and commonly used etching 
gases emission lines employed for etch end point detection. The sensitivity of this tech- 
nique depends on how much etchant is consumed or how much film material is etched per 
unit time. If the etch rate is too slow or the size of the etched pattern too small, e.g. con- 
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tact hole etching into SiO, layers, this technique may not be suitable for end point de- 


tection. 


Table 5: Table 5: Common optical emission lines used for end-point detection. This ta- 
ble was compiled from data provided in references [78, 82]. 


Material Etchant Gas Emitting Species Wavelength (nm) 

Silicon CF,/O,;SF, F (Etchant) 704 
CF,/O,;SF, SiF (Product) 440;777 
C1;CC1, SiC} (Product) 287 

SiO, CHF, CO (Product) 484 

Si,N, CF,/O, N, (Product) 337 
CF,/O, CN (Product) 387 
CF,/O, N (Product) 674 

Ww CF,/O, F (Etchant) 704 

Al CCI, C4; BC Al (Product) 391;394;396 
CCL; Cl; BC, AICI (Product) 261 

Resist oO, O (Etchant) 777,843 
oO, CO (Product) 484 
O, OH (Product) 309 
oO, H (Product) 656 

8.8. CURRENT TRENDS 


A decade ago the primary focus of the RIE research and development efforts was the 
empirical search for plasma etching processes which would satisfy the etch directionality 
and etch selectivity requirements of semiconductor device and circuit fabrication. Within 
the last few years, research and development efforts on reactive ion etching have evolved 
to address the following topics: 


a. 


Enhanced plasma generation schemes for high rate low pressure etching. 
Magnetron ion etchers and electron cyclotron resonance single wafer etchers 
are results of this research and development activity and were discussed in 
section 8.6. Microwave multipolar plasma reactors equipped with confinement 
magnets which surround the etching chamber and use ECR sources [83], and 
the rf driven double cathode etcher [84] are different developments with the 
promise of high-rate etching at low pressure. 


RIE process-integration (process clustering). 

The goal is to effectively integrate RIE into the overall fabrication sequence, 
e.g. by connecting deposition and etching chambers by clean, evacuated trans- 
port chambers. Process clustering requires clean, damage-free etching proc- 
esses (see section 5) and dry surface cleaning methods. 
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Real-time control of RIE processes. 

Because of the use of large silicon wafers and increasing process complexity the 
value of partially processed wafers is going up rapidly. This justifies consider- 
able investment in real-time process monitoring equipment (beyond endpoint 
detection) which will detect equipment/process malfunctioning in real-time 
and "save" wafers. Better process diagnostics and understanding will enable 
the design of feedback loops and real-time process control. 


Improved fundamental understanding and computer models of RIE processes. 

The "output" of a RIE process depends in a non-linear way on a great number 
of "input" parameters (rf power, frequency, reactant gas composition, pres- 
sure, chamber residence time, etc.). We also lack a valid model for the proc- 
esses occurring in glow discharge etching plasmas. This situation requires 
extensive experimentation in the development of suitable etching processes. It 
is expected that accurate computer models of plasma etching processes based 
on an improved understanding of the science of rf discharges will aid signif- 
icantly in optimizing their use for electronic materials processing or other ap- 
plications. A three-fold approach is being pursued in order to reach this goal. 


First, measurements are being performed on real rf plasma systems in order 
to address the question as to what kind of phenomena are occurring. Although 
there is a great need for new diagnostic techniques, in particular for the study 
of plasma-surface interactions, certain important glow discharge parameters 
have been determined for particular plasma-substrate systems. Significant 
progress has been made in determining atom, radical and ion concentrations 
and their energies, the electron density and its energy distribution, processes 
occurring selectively on certain surfaces and not on others, e.g. a material A 
versus a material B, bottom of a trench versus the sidewall, and so forth. There 
is an increased emphasis on performing the measurements non-intrusively and 
in-situ. Multiple techniques are being used to measure the same quantities, e.g. 
microwave interferometry and Langmuir probes are being used to measure 
electron densities. New diagnostic techniques are being developed in order to 
measure the desired glow discharge parameters. For example, two groups in- 
dependently developed a photoemission optogalvanic method which can be 
used to characterize in real-time, in-situ the surfaces of semiconductors and 
metals exposed to a plasma [85]. 


The second required research component are model system studies, since 
real glow discharges make well-controlled experiments difficult. Due to the 
coupling of most parameters in a plasma, a controlled change in one quantity 
invariably changes other quantities and it is difficult to assess the relative im- 
portance of the change of a specific quantity in producing a new result. The 
goal of the model system studies is to investigate the interaction of fluxes of 
atoms and radicals with well-specified surfaces, alone or in combination with 
ion (mass/energy analyzed), electron and photon bombardment, measure the 
energy dependence of the cross sections for the production of important species 
found in glow discharges, perform controlled experiments to establish the rate 
and importance of plasma and surface chemical reactions, and so forth. 
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The third component needed is numerical modelling [86]. Values of the 
controllable plasma operating parameters such as rf power and frequency, type 
of gas, gas pressure, and so forth and the results of the model system approach 
on cross sections, sticking coefficients, reaction rates etc. are used as inputs 
of a computer model of a glow discharge for a specific application. A model 
of the plasma etching process requires treatment of both the discharge physics 
and chemistry (gas phase and surface) which are coupled [86]. The output of 
the numerical model can be compared to the results of measurements per- 
formed on real systems. For prototypical plasma processes, such as Si etching 
using SFe, numerical models are already quite advanced and increasingly accu- 
rate [87]. 


The near future may see the utilization of computer models of RIE discharges in the 
design of etching processes for new materials. Two-dimensional modelling may be used 
instead of the demanding experimental approach to optimize etch uniformity. Accurate 
computer models should also contribute to the scale-up of plasma reactors, e.g. 
ECR-based systems, and the control of the etching process. 


Acknowledgement: I would like to thank T. D. Bestwick for a critical reading of this ar- 
ticle and many helpful suggestions. 
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Reactive Sputter Deposition 


William D. Westwood 


9.1 INTRODUCTION 


Reactive sputter deposition involves the sputtering of a metal, alloy or compound in 
a reactive gas mixture in order to deposit a compound thin film composed of the sputtered 
material and the reactive species. A wide variety of compounds have been formed in this 
way, with a wide range of properties. In some cases, these compounds are difficult or 
impossible to form by other means, particularly at low substrate temperature. The process 
of reactive sputter deposition can be very complex, and involves the sputtering process, 
the physics of the plasma discharge, transport of the sputtered and gas species, the 
kinetics of film growth and chemical interactions at the target and film surfaces. These 
all interact in some way and therefore can affect the properties of the film. 


Films can be reactively sputter deposited in a number of ways, using rf-diodes, triodes, 
ion beam and dual ion beam systems, magnetrons and modified magnetrons. Of particular 
interest in this chapter will be the magnetron techniques. 


There are many applications for reactively sputter deposited films. Perhaps the most 
common example is TiN coatings for wear resistance, and also diffusion barriers. Other 
examples include SiO, dielectric coatings, Si-H solar cells, In-Sn-oxide transparent con- 
ductors and the new high T, superconductors. While there is a large volume of literature 
on reactive sputtering, there are only a few reviews of the topic (1-3). 


9.2 PLASMA-BASED SPUTTERING TECHNIQUES: HYSTERESIS EFFECTS 


A typical reactive sputter deposition system might be composed of a metallic sputter- 
ing target, such as Al or Ti, sputtered in a predominantly inert gas plasma at a pressure 
between 0.1 and 10 Pa (1 Pa = 7.5 mTorr). Without the introduction of a reactive spe- 
cies, oxygen or nitrogen, for example, the films deposited by the sputtering process would 
be metallic. Upon introduction of a reactive gas species, those atoms will combine with 
the sputtered atoms from the target to form a compound thin film. At low levels of the 
reactive species, the films will be only partially reacted. At sufficiently high flow levels of 
the reactive species, the films will be fully reacted. However, even higher levels of the 
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reactive species will cause compound formation on the target or cathode surface. This 
compound formation on the cathode will persist as the flow of reactive gas is reduced, 
until at a significantly lower flow level the metal cathode is exposed by physical sputtering. 
This general phenomena is qualitatively known as a hysteresis effect. 


The two regimes of operation, i.e. metallic cathode sputtering and compound-coated 
cathode sputtering, can be described by the plotting of the hysteresis effect between the 
flow rate, f, of the reactive species and the chamber pressure, P. A generic example is 
shown in Fig. 1, which would apply, for example, to the case of the sputtering of an Al 
cathode in Ar with the addition of O, to the chamber. A constant pressure, P, is main- 
tained by the flow f, of the non-reactive gas (Ar in this case) into the continuously 
pumped chamber. The sputtering of the Al target in the Ar alone would result in the de- 
position of a pure Al film. The dashed line in Fig. 1 shows the linear increase in P which 
would result simply from increasing the argon flow f, This follows the relation Q = S x 
P, where Q is the total flow rate of gas and S is the pumping speed. 


Figure 1: Generic hysteresis curve 
for system pressure, P, as a function 
of reactive gas flow rate, f,. 


Pressure 


Ío Ía 


Flow rate of reactive gas 


The hysteresis curve represents two stable states of a system with rapid transitions 
between the two states. In state A, there is negligible change in the total pressure as the 
reactive gas flow, f, , is varied; in state B, the pressure rises linearly with reactive flow rate, 
but is lower by AP that the total pressure in the absence of sputtering. In state A, essen- 
tially all of the reactive gas is being incorporated in the deposited film and the atomic ratio 
of the reactive gas to sputtered metal in the film increases with f,. Thus, state A can be 
considered as a regime in which the sputtered metal is doped with reactive gas. In state 
B, a constant volume of reactive gas is consumed, independent of f,, and there is an excess 
of reactive gas so the formation of a stable compound is favored. 


The transition from state A to state B is due to the formation of a compound on the 
surface of the sputtering target. In most cases the sputtering yield for metal atoms from 
the target will decrease once a compound forms on the target surface. Some of the energy 
of the incident ion on the target must go to sputtering the other component of the com- 
pound. For example, if an Al,O, film is formed on the cathode surface, only 40% of the 
atoms sputtered from the surface would be Al atoms. Thus, if the discharge power is kept 
constant as the transition from state A to state B occurs, the sputtering rate of Al would 
decrease by a minimum of 60%. The greater the ratio of the sputter yields of the metal 


Reactive Sputter Deposition 235 


atoms from the element and compound, the smaller will be the value of AP in Fig. 1, and 
the more rapid the transition from state A to state B. In addition, the deposition rate in 
state B will be significantly below the deposition rate in state A. 


The hysteresis effect is strongly dependent on the pumping speed of the vacuum sys- 
tem. In a series of experiments, Okamoto and Serikawa (5) varied the pumping speed, S, 
by a factor of 20 to change the flow of Ar from 5 to 100 SCCM for the reactive sputtering 
of Si in Ar/N,. At an Ar flow of 5 SCCM, a well defined hysteresis curve was obtained 
(Fig. 2) with f,, = 8 SCCM and f, = 5.5 SCCM with a reduction in the deposition rate 
from 15 to 3 nm/min. At successively higher Ar flows, the hysteresis effect was dimin- 
ished until at 100 SCCM Ar flow, there was no effect. However, the deposition rate de- 
creased continuously to approximately 6 nm/min. The Si,N, films had reached their 
desired composition as f, = 25 SCCM. Although S was increased by a factor of 20, the 
value of f, required to make Si,N, only increased by a factor of 3. They also showed that 
the deposition rate depended only on P — P, and not on the argon flow. 


The effect of pumping speed on the shape of the pressure hysteresis curve was also 
explored by Kadlec et al (6) for the reactive sputtering of TiN. In their diode system, the 
critical pumping speed for N, was about 200 1/s: for higher values no hysteresis was ob- 
served. Danroc et al (7) reported the change in shape of the hysteresis curve during the 
reactive sputtering of TiN, as a function of both the pumping speed and the location of 
the N, inlet. The width of the hysteresis curve decreased as the nitrogen inlet was moved 
closer to the pump throat. Since much of the N, passes directly to the pump, this is 
equivalent to either reducing the effective flow of nitrogen or else reducing the gettering 
rate by the sputtered Ti. 
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Figure 2: Variation of pressure with N, flow rate for different flow rates of Ar during rf 
planar magnetron sputtering of Si (5). The dashed line shows the value of (P, — P,) at 
which the films were Si,N,. 
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As might be expected, the film deposition rate also shows a hysteresis-like effect as a 
function of the flow of the reactive gas. The pressure-flow hysteresis curve is shown in 
Fig. 3(a) for the case of reactive sputtering of Ti in Ar/O, mixtures. The effect on the 
sputtering yield is shown in Fig. 3(c), and the effect on the net deposition rate in Fig. 3(b). 
This type of behavior is characteristic of most reactive sputter deposition systems. 


In addition, due to the change in the surface composition of the target in states A and 
B, there may often be a change in the discharge voltage and current at constant discharge 
power. In many cases, such as reactively sputtering Al in Ar/O,, the voltage drops sig- 
nificantly going from state A to state B. This may be due to changes in the secondary 
electron coefficient of the cathode. For example, a thin aluminum-oxide layer on the 
cathode may have a significantly larger secondary electronic coefficient than pure Al. The 
additional electrons can cause additional ionization in the plasma, resulting in a higher ion 
flux to the cathode, and hence a lower discharge voltage at constant power. For the 
Al — O, system, the voltage changes can be as high as several hundred volts. However, 
other systems have mush smaller voltage shifts, and some systems, such as Ti - O, have 
been reported to increase, rather than decrease the discharge voltage upon transition from 
state A to state B. This may be indicative of negative ion effects, which will be discussed 
below. 


_ 
© 


(c) 


Relative Ti atom 
sputtering rate 
© 
nn 


a 2 
òo o 


ü (ii) Figure 3: Changes in (a) total 
pressure, (b) deposition rate and 
(c) relative Ti sputtering rate for 
a 5x8 inch planar magnetron Ti 
target sputtered in Ar/N, mix- 
tures at a constant power of 
800W. 


Dep. rate 
(nm/min.) 
ow 
© 
T 
g 


ay 

o O 
l f 
E 


Pressure 
(mTorr) 
N 
T 


2 4 6 8 10 
N; flow (ce/min.) 


Reactive Sputter Deposition 237 


9.3 REACTION KINETICS: MODELS 


The main cause of the hysteresis effect has been attributed to the formation of a 
compound layer on the surface of the sputtering target or cathode. The getter-pumping 
effect of the freshly-deposited metal films is reduced by the reduction in metal atom 
sputtering rate, causing the partial pressure of the reactive species (and the total pressure 
of the chamber) to increase. Conversion back to the metal mode (state A) occurs only 
when the flow of reactive gas is reduced to the point where it can no longer maintain the 
compound layer, which is being continuously sputtered. However, a detailed model of the 
reaction kinetics is more difficult because all the parameters interact and their behavior 
in the sputtering environment is not well known. 


The first attempt at a model describing this basic phenomena was proposed by Heller 
(8), addressing the case of rf etching in oxygen. In this model, an equilibrium oxide 
thickness resulted from a balance between the sputtering rate and the target oxidation 
rate, assumed to be logarithmic. The basic premise was that these two rates were inde- 
pendent, which is not generally true. Goranchev, et al.(9) introduced the concept of a 
partial surface coverage, ©, of the target by oxide and pointed out that © depended on 
both the gas flow and the sputtering power. However, this dependence is even more 
complex, as the sticking coefficient, ņ for the reactive gas can vary rapidly with ©. Harra 
and Haywood (10) reported changes in the sticking coefficient of two orders of magni- 
tude for the case of reactive sputtering of Ti in N, as a function of N,/Ti flux ratio. Such 
rapid changes mean there may be a substantial gradient in » and © over a sputtering tar- 
get, as was shown by Schiller et at (11) for the case of magnetron sputtering. 


A number of models describing aspects of the transition from state A to state B have 
been introduced (8-17). More recent models have been developed by Berg at al. (18), 
by Larsson et al (19) and by Penfold (20). These models use the consumption rate due 
to the gettering effect as well as exhaustion by the pump. In the first case, the system-wide 
balance of atoms can be explicitly solved by 8 coupled equations, and complex hysteresis 
phenomena modeled. However, each of these models require assumptions about vari- 
ations in sputter yields under different conditions and variations in © on different sur- 
faces. By making suitable assumptions, the hysteresis curve behavior is predicted for 
reactive sputtering of Ti in N}. These are steady-state models, so that a series of operating 
characteristics are developed and the path between them developed as a function of the 
N, flow rate. Although this type of approach should apply to any reactive sputtering 
system, evaluation of the operating characteristics still requires assumptions about the 
values of the parameters in the models. In the N, reactive sputtering case, these appear 
to change fairly slowly with increased nitrogen levels. This does not appear to be the case 
for O,. This means that various feedback-control systems (to be discussed below) may 
be more successful in nitrogen-based systems than in oxygen-based systems. 


9.4 SPUTTERED SPECIES 
9.4.1 Cluster Emission 

In the metallic cathode mode (state A), the sputtered atoms consist mainly of indi- 
vidual, neutral atoms. However, some clusters may be ejected, both as neutral and 


charged species (21). The bonding between the metal atoms is sufficiently strong that 
some fraction of the bonds may hold together (i.e. form a cluster) during the sputtering 
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process. The bonding between a metal atom and a reactive gas atom, however, can be 
stronger that the bonds between the metal atoms, and as a result a cluster of metal and 
reactive gas atoms may result from the sputtering process. Of course, individual metal and 
reactive gas atoms will also be sputtered and a variety of charge states may occur. 


By combining quartz micro-balance measurements of the deposition rate and atomic 
absorption and emission analysis of Al, Stirling and Westwood (22) showed that clusters 
must be responsible for the majority of the depositing flux for the reactive sputtering of 
Al in O,. This conclusion was reached by the observation that the spectroscopic signal for 
Al became undetectable upon the transition from state A to state B. Later studies (23,24) 
found a similar effect when a NiFe,O, target was sputtered in Ar/O . While Ni and Fe 
atoms were still sputtered, they accounted for less than 10% of the depositing atoms, 


A similar conclusion was reached by Betz and Husinsky (25) using Laser Induced 
Florescence (LIF) during the sputtering of Cr by Ar+ in a background pressure of oxy- 
gen. Upon undergoing the transition from the metallic to the compound cathode form, the 
deposition rate decreased by a factor of 4, while the Cr atom LIF signal decreased by a 
factor of 130. Since less than 25% of the deposited film could be accounted for by Cr 
atoms alone, they concluded that Cr,O, clusters were being formed. 


To obtain stoichiometric or fully reacted films by sputtering a bulk compound target, 
it is usually necessary to add additional reactive gas to the chamber. In the case of oxides, 
there can be sufficient oxygen present in the background water vapor in the chamber, but 
this is likely to cause non-reproducible results. Since a reactive gas must usually be added 
in these cases, either a compound, bulk target or a metallic target may be used. Control 
of the gas supply for the reactive species will be required in either case, although the flow 
rates in the metallic case will he significantly higher. There are, of course, advantages to 
operating in the metallic mode. For example, by controlling the gas species and flow, the 
same Al target may be used to deposit Al, AlO; and AIN films. Metal targets are gener- 
ally easier to fabricate at high purity, and they usually have better thermal conductivity 
than the compound. They are thus easier to cool, allowing higher power levels, and hence 
higher deposition rates. Finally, metallic targets can be operated in either a dc or rf mode, 
whereas the compound targets often require rf. 


9.4.2 Negative lon Emission 


During the sputtering process at the cathode surface, there is a probability that some 
of the sputtered species will be emitted as ions. Due to the high positive potential of the 
sheath, positive ions formed at the cathode surface will most likely remain on the surface. 
Negative ions, however, will be accelerated by the high field (~5000V/cm) and enter the 
plasma. In ion beam sputtering systems, to be discussed later, the electric field is very 
weak (~5V/cm) and the negative ions do not gain more than a few eV of energy. Harper 
et al (26) showed that in a plasma sputtering case, the negative ions would gain the full 
discharge voltage crossing the sheath, and hence have long mean free paths. (The cross 
section for collision decreases as the particle energy increases.) It was also suggested that 
due to the low electron affinity (1-2 eV), the extra electron on the negative ion may be 
quickly stripped upon entering the plasma, which typically has an electron temperature 
of several eV. 
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A result of the formation of negative ions during sputtering is sputtering of substrate. 
This was observed by Hanak (27) for F- ions from a MgF, target, and also by Cuomo et 
al. (28) for the sputtering of alloy targets of Au and rare earth metals. In the latter case, 
a model was proposed that treats the target like an ionic solid. To remove an electron from 
the first target, A, requires an energy equal to the ionization potential, E;. To forma 
negative ion, B-, energy is gained equal to the electron affinity of B, x. Thus, the total 
energy required, E; — x , is a measure of the difficulty of transferring an electron from A 
to B. If this value was less than 3.4 eV, Au ion were observed in sufficient quantities to 
etch the substrate. 


Later work by Kester and Messier (29) characterized a large number of oxide targets 
(Table 1), and found negative ion emission even though the energy difference was greater 
than the empirical 3.4 eV described above. Other studies have shown that the negative 
ions formed have energies equal to the target potential (30). 


Two principle effects can be present due to the formation of large numbers of nega- 
tive ions during sputtering. The first is a significant change in the net deposition rate. The 
sputtering caused by the negative, (now neutralized) ions causes an effective reduction in 
the film deposition rate, as compared to the case without negative ion formation. Sec- 
ondly, the composition of the deposited film may be dramatically altered as the lower 
sputter yield components are preferentially sputtered from the depositing film. 


Significant changes in composition have been observed in the high T, oxide films 
when deposited by sputtering. Films deposited using MBa,Cu,0,_; where M is a rare 
earth such as Y, Yb Er, etc., tend to be deficient in both Cu and often in the rare earth 
component due to negative ion sputtering (31,32). This is not surprising, upon viewing 
Table 1, as the yield of O- ions can be quite large. A variety of solutions have been 
identified to avoid this problem. Lee et al. (33) mounted two planar magnetron targets 
opposite to each other and mounted the samples off to one side. This solution has been 
used in various geometrical forms by others. It was first used to improve ZnO films (34). 
Clarke (35) has used an S-gun composed of elemental tile segments oriented in conical 
array. The separation of the compounds, as well as the geometrical dispersion of the 
negative ions has allowed the deposition of good films. Other approaches forgo the use 
of oxide targets completely, sputtering from multiple targets of elemental, or simple alloy 
composition (36). 


The occurrence of negative ions during sputtering must be considered when any 
electronegative species, such as O or F, is present either in the target or the reactive gas. 
In addition, the presence of O in the residual gas of the chamber, perhaps in the form of 
OH, can lead to negative ion formation which can change over time as the system is con- 
ditioned. Tominaga et al (37) documented the effects of energetic particle bombardment 
during the sputtering of Al in Ar/N, mixtures to form AIN. The film structure was dif- 
ferent in regions opposite the magnetron plasma ring in front of the target. Using a time- 
of-flight method, they concluded that the energetic species were NO and OH, due to 
residual water vapor in the chamber. A similar conclusion was reached during the sput- 
tering of AlCu in Ar, where significant changes in the morphology of the films opposite 
the etch track were traced to negative ion formation due to background gases (38). 
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Table 1: Observed effects of energetic particle bombardment resulting from sputtered 
negative ions (O- in all cases except for NO- and OH- in ref (d); s = strong effect; w = 
weak effect, p = possible effect. The lowest values of E; — x are given. 


Material E; — x(eV) Effects Ref. 
BaTiO, 3.74 s 29,30 
LiNbO, 3.92 s 29,30 
SrTiO, 4.23 s 29,30 
SrZrO, 4.23 s 29,30 
Sr,Nb,0, 4.23 S 29,30 
CaTio, 4.65 s 29,30 
BiyTiZ0,, 5.35 s 29,30 
TiO, 5.35 w 29,30 
ZrO, 5.37 w 29,30 
SnO, 5.88 p 29,30 
PbO 5.94 p 29,30 
PbTiO, 5.94 s 29,30 
PbZrO, 5.94 p 29,30 
Ta,O, 6.41 s 29,30 
wo, 6.51 w 29,30 
ZnO s 30 
YBa,Cu;O, s 32,33 
AIN( +H,0) s 37 


Clearly, the types and energies of the species reaching the substrate during reactive 
sputter deposition in a plasma may differ from the simple sputtering model. In that case, 
individual atoms leave the target with a few eV of kinetic energy and lose much of this 
energy through gas phase collisions prior to deposition. Highly energetic atoms and mol- 
ecules may be present due to both negative ion formation or the reflection and 
neutralization of incident ions at the cathode surface. Clusters of atoms may arrive at the 
substrate, and these clusters may be positively charged by Penning ionization. In diode 
and triode systems, energetic electrons will also be present. This will generally not be the 
case with magnetrons due to the magnetic fields. However, the so-called "unbalanced" 
magnetrons (39), as well as small, poorly confined targets, will have a loss path for ener- 
getic secondary electrons from the cathode surface. 


9.5 PLASMA-BASED SPUTTERING SYSTEMS 
9.5.1 Diode Systems 


In a diode sputtering system, both the target and the substrate are immersed in the 
plasma. Ions are extracted from the plasma for sputtering of the target and the pressure 
is usually high enough (several Pa) that the sputtered atoms are effectively thermalized 
before reaching the substrate. However, discharge voltages are typically high, 1-3 keV, 
so that energetic, reflected neutrals, negative ions, and especially secondary electrons may 
bombard the substrate. The electron current density at the substrate may be as high as 
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10% of the ion current density at the target. The ion current density is limited by space- 
charge effects to about 1mA/cm?. The power density at the substrate may be as high as 
1 W/cm? and may produce substrate temperatures of several hundred degrees C. 


Both rf and de diodes are used for sputtering, but dc is restricted to sufficiently con- 
ducting targets. As pointed out by Maissel (40), the diode discharge provides a very re- 
active environment. Although the percentage of ionization is low (~0.1%), the flux of 
excited species to the surface may be quite high relative to the sputtered flux. This is due 
to the generally low sputtering rates caused by the low ion currents. 


The basic diode sputtering arrangement is shown in Fig. 4(a). The two electrodes of 
approximately equal area are separated by 5 to 10 cm. A minimum pressure is required 
to maintain a glow discharge in the space between them. This is typically 1 Pa, but much 
higher pressures may be necessary to attain a current density of lmA/cm?. The substrate 
is usually placed on one of the electrodes, but other positions have also been used to avoid 
the effects of negative ion bombardment. 
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Figure 4: General schematic of (a) diode target-substrate orientation, (b) dc-diode 
electrical circuit, (c) ac sputtering, and (d) rf-diode sputtering at 13.56 MHz. 


There are generally three modes of powering a diode discharge. In de sputtering (Fig. 
4(b)), the target is connected to a negative potential and the other electrode is grounded. 
In this case, the other electrode also functions as the anode. The discharge is established 
with the applied potential dropped across the dark space in front of the target, which has 
a thickness of 1-2 cm. Ions accelerated across the dark space sputter the target. However, 
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due to charge exchange collisions, the average ion energy is typically about 800 eV, even 
though the target potential may be as high as 5 keV. 


In ac sputtering (Fig. 4(c)), a 60 Hz supply is connected between the two electrodes 
and both are effectively used as targets. Either the same or different materials may be 
used for the two targets. However, in general this type of system has been used infre- 
quently. 


In rf sputtering (Fig. 4(d)), a high frequency generator (usually 13.56 MHz) is con- 
nected between the electrodes. The rf voltage is V, cos wt and an average negative po- 
tential is developed on the electrodes because of a difference on ion and electron 
mobilities (40). If the system is symmetric, as in Fig. 4(c), a potential —V,, is developed 
on both electrodes. By increasing the effective capacitance of the non-powered electrode 
(substrate), its potential can be reduced to much lower values, typically -10 to -20 V. 
Thus, the substrate is usually subjected to ion bombardment. The energy of the ion 
bombardment is typically the difference between the plasma potential and the floating 
potential of the substrate electrode. In cases with symmetric electrodes, the plasma po- 
tential can be quite high. If the substrate electrode is grounded, along with the chamber 
walls, the plasma potential can be quite low. Although a net potential of —V, is developed 
on the target, there is no net current flow. Therefore, the target may be either conducting 
or insulating. This allows a great flexibility in target choice, and has greatly expanded the 
potential of reactive sputter deposition. 


In diode sputtering, the substrate is immersed in the plasma, and is thus exposed to 
all the species listed in Table 2. Since electrons are accelerated across the dark space, they 
reach the substrate with high energies. Since ions (eg. N,* will reach the substrate with 
several eV), and excited neutral species may also be present, it is not surprising that the 
chemical reactivity is high in diode systems. 


This reactivity, of course, is desirable in depositing compounds but may be responsible 
for non-uniform composition of the films across the substrate electrode. For uniform film 
thickness, the sample is typically located directly in the center of the substrate electrode. 
However, the reactive gas is usually introduced from the perimeter through some sort of 
manifold. At a pressure greater than 1 Pa, the mean free path of the reactive gas atoms 
is less than 1 cm and the reactive gas wili then have a high probability of hitting one of the 
electrode surfaces before it reaches the sample locations. If the sticking coefficient is near 
unity, due perhaps to the high reactivity of the deposited film and the environment, the 
gas will be trapped prior to reaching the sample location. For example, if N, is added while 
a Ta target is being sputtered in Ar (41,42), a Ta-N film is deposited, Gettering of the 
nitrogen reduces the flux towards the center of the substrate, resulting in a radial compo- 
sition gradient. This gradient will be greatest for the more reactive gases and will also 
depend strongly on target size and orientation. 


In nearly all cases of compound formation by reactive diode sputtering, the target is 
in state B, the compound state. For most materials, both metallic and compound targets 
have been used. For some materials, such as BaTiO, (43), LiNbO, (44) and lead titanate 
(45), as well as the superconducting oxides, compound targets have generally been used. 
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Table 2: Approximate flux and energy of particles reaching the substrate during sput- 
tering of an oxidized layer on a Zn target in Ar/O, discharge (i.e. state B). Magnetron 
sputtering at 1 Pa is assumed. For diode sputtering, electrons have energy equal to the 
target voltage and the value for the relative flux is 0.1. 


Approximate Effect of Pressure 
Relative increase on 
Species Source flux Energy(eV) flux energy 
Zn sp 1 1 t t 
(6) sp 1 1 + + 
6) sp O- 0.1 500 4 t 
ZnO sp 0.3 1 + + 
ZnO+ sp+Penning 0.05 1 + - 
o- sp 0.05 500 + + 
Ar gas 1000 0.03 t - 
Ar refl 0.01 100 i t 
O: gas 1000 0.03 t - 
(0) refl 0.01 100 + + 
Ar+ plasma 10 1 t - 
O,* plasma 10 1 t - 
plasma 10 3 t - 
sp ? 500 t t 


9.5.2 Magnetron Systems 


The use of magnetron sputtering systems has expanded greatly since about 1970. The 
flexible geometry inherent in the design has distinct advantages for reactive sputtering and 
special modifications have made it possible to reactively deposit thin films at high rates. 
The basic physical principles of magnetron operation have been discussed in an earlier 
chapter (Chap. 6) and also have been the subject of numerous papers (46-51). The planar 
magnetron, both in circular and rectangular geometry, has been the most widely used de- 
sign for reactive sputtering. 


A simple schematic of a planar magnetron is shown in Fig. 5. Although it appears 
similar to a diode (Fig. 4), the arrangement of the magnetic field makes the discharge 
operation quite different. In general, a magnetron is arranged with a magnetic field ori- 
ented parallel to the cathode surface, such that the path of electrons undergoing ExB 
drifts is a closed loop. The plasma density is highest in this drift loop due to the trapping 
of energetic secondary electrons and the subsequent ionization of the background gas 
atoms. The proximity of the dense plasma to the target electrode allows large ion currents 
(many amperes) at relatively modest voltages (200-800V) and pressures of 1 Pa and be- 
low. 
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Figure 5: Schematic of circular 
planar magnetron. (1) target, (2) 
anode (3) magnet providing a 
field of ~ 0.03 T in front of the 
target with field lines parallel to 
the target surface. In operation, 
the magnetic array is typically 
paced immediately behind the 
target. (4) substrate. 


As is evident in Fig. 5, the magnetic field on some magnetrons is not strictly parallel 
to the cathode surface at all locations, In particular, areas near the cathode center and 
perimeter have a field component perpendicular to the cathode surface. This allows sec- 
ondary electrons emitted from the cathode surface to intercept the substrate plane in some 
locations. However, these same regions that have a perpendicular magnetic field compo- 
nent also are characterized by significantly lower plasma density, which results in a re- 
duction in the electron bombardment, as compared to the conventional diode case. The 
highest ion density occurs at the region of the cathode where the magnetic field is parallel 
to the surface. These areas are also subject to the most ion bombardments, and the sput- 
tering rate, therefore, is non-uniform across the target surface. The rate is greatest just 
under the ExB drift path, and is lowest in the edge and central regions of the cathode. In 
many cases, these regions can experience a net deposition during the sputtering of the 
cathode (Chap 6). 


When a reactive gas (eg. N, ) is introduced to the chamber during inert gas sputtering 
of the cathode, the gettering effects discussed earlier occur and reactive gas (N) atoms 
must also be sputtered from the cathode surface. The sputter yield of the compound (i.e. 
reacted) surface is lower that that of the pure metal surface. Where the rate is low, the 
coverage of N atoms will increase, further decreasing the sputter rate of the target. In the 
case of a Ti target sputtered in Ar/O,, Schiller et al (52) found that the width of the 
eroded annulus on the target decreases from 30m to 18 mm as the fraction of oxygen was 
increased to the values where full oxidation of the target occurred (state B). (Fig. 7). The 
very low sputter yield of TiO, accentuates the non-uniform sputtering rate intrinsic to 
magnetron sputtering. In the region of lowest rate, the O coverage becomes sufficient to 
form TiO, and the sputtering rate decreases there. However, the rate is high enough in the 
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region of highest current density to maintain a Ti surface. Thus part of the surface is in 
state A, while other parts have made the transition to state B. As the flow of reactive gas 
increases, the whole surface will eventually change to state B, and the total deposition rate 
falls to a value typical of a TiO, surface layer. 
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Figure 6: Variation of target erosion width (solid line) and mass deposition rate (dashed 
line) as a function of O, to Ar flow ratio during sputtering of a Ti target (130 mm dia.) 
at 5 kW. The substrate to target distance was 50 mm. (52). 


This transition often results in large changes in the discharge characteristics, as note 
earlier. Schiller et al (52) observed a maximum in the voltage as the transition to state B 
occurred. The result shown in Fig. 7 appears to be more typical: the target voltage re- 
quired to maintain a constant de current of 2A decreased from 380 to 260V when the 
ALO, layer formed on the Al target (53). The decrease is due to the higher secondary 
electron coefficient, y; for ALO; than Al. Only when the AlO; is removed from the tar- 
get, by reducing the oxygen flow, does the voltage again increase. 
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If the compound which forms on the target surface is a conductor, rather than an 
insulator, the value of y; may not change significantly. However, there may still be a 
change in the discharge characteristics due to the change in both pressure, gas composi- 
tion and gas rarefaction. Noel et al (54) observed an increase in target voltage for a Ti 
target as the flow of n, increased: Vy was 40 V higher for the TiN layer than for the Ti 
target for a constant discharge current of 2 A. 


The large, uniform sputtering source in a cylindrical magnetron (see Chap. 6) is not 
appropriate for doping by reactive sputtering unless the gas can be introduced fairly uni- 
formly over the deposition area. Otherwise, non-unformity in the film composition must 
result, especially at high sputtering rates. This is similar to the case of diode sputtering 
discussed earlier, where substantial doping gradients can result from the strong gettering 
effects. The magnitude of the effect is enhanced at high discharge current values. The 
planar magnetron is actually better suited to this type of reactive sputtering (i.e. state A) 
because the gas can be introduced around the periphery of the target, near the anode or 
substrate, and the sputtering annulus (etch track) can be quite narrow (Fig. 6). Of course, 
the gas could also be introduced through the center of the target, where no sputtering 
takes place.In the sputter-gun arrangement, the anode is located in the center of the tar- 
get, making the introduction of gas there much easier. 


The high values of discharge current possible in magnetrons may not be useful in de- 
positing high resistivity, compound films by reactive sputtering. Arcing is often observed 
in these cases and this can cause defects in the films and make process control almost 
impossible. Thornton noted (55) that serious arcing occurred when a Cd cylindrical target 
was sputtering in Ar/H,S even at very low discharge currents (0.2 mA/cm?). The arcs 
contain high electron currents and propagate under the influence of the magnetic field. 
Este and Westwood (56) observed both pits and Al particles, approximately 1 pm in size 
in ALO, films deposited under arcing conditions. A possible cause of these arcs is the 
rapid accumulation of charge on a small area of dielectric on the target surface. The 
subsequent breakdown, somewhat like the discharge of a capacitor, dissipates the energy 
on the ejection of a particle. At a discharge current density of 0.1A/cm*, the 1pm diam- 
eter area could receive a charge sufficient to cause the breakdown of the dielectric layer 
in less than 10 ns. 


To avoid, or at least minimize arcing, it is common to use rf, commonly at 13.56 MHz, 
to power the sputtering cathode, particularly for cathodes which have a high resistivity, 
such as dielectrics. Thornton (55) argued that the magnetron principle is basically a de 
concept and should be much less effective in rf operation. Much like diode sputtering, 
when powered at rf frequencies, the magnetron cathode develops a negative bias potential 
on the order of 1/2 the applied peak-to-peak voltage. This is slightly inconsistent with 
calculations (57) which suggest that the mobility of the electron across field lines should 
be smaller than the ion mobility. This would result in a positive bias at the cathode. The 
presence of a negative bias may be indicative of turbulent, Bohm-like transport of the 
electrons (58), which results in cffectively higher mobilities for the clectrons than the 
classical predictions. 


Thornton operated both cylindrical and planar magnetrons with ALO, targets at 1.8 
MHz in Ar and measured the self bias voltage, Va , as a function of the rf voltage am- 
plitude V, , for different configurations (55). He also measured the discharge current, I 
and derived values of n in the expression I = k V,". The values of V,,/V, and n are 
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given in Table 3, and the configurations are shown in Fig. 8. For the usual single-ended 
operation (Figs. 8(a), (c)), the rf is connected between the target and the chamber, which 
is itself grounded. This is equivalent to the diode case in Fig. 4(d). The values of n were 
low in both cases but V,,/V, was 1 in the planar magnetron case whereas it was 0.1 in 
the cylindrical case. The double ended arrangement (Fig. 8(b)) gave the highest value 
of n, provided that the magnetic traps for the two targets were not common. This is the 
only report in the literature where the current was measured in an rf system. Usually only 
the power and the various voltages are reported. 


E fe) 


Figure 8: Configurations of magnetrons using rf power for sputtering. (1) targets, (2) 
substrates. 


Table 3: Values of self bias, V,, and n in the expression for the discharge current 
I,ms = KV” for the magnetron configurations in Fig. 8 at 1.8 MHz. (from ref. 55) 


V i 

Configuration (volts) (Amps) V30/V_ n 

(a) 300 1 0.1-0.7* 2.2 
600 5 

(b) 400 2 45 
550 10 

(e) 1200 1 1 2 
1800 2 


* B decreased from 0.02 to 0.001 
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Maniv and Westwood (59) also found V,,/V, to be 1 in a planar magnetron. The 
difference between the cylindrical and planar magnetrons may be due to the magnetic 
traps. In the cylindrical case, the B field is parallel to the target surface at all points on the 
surface. In the planar case, the B field intercepts the cathode at the inner and outer edges 
of the etch track. Here, the electron velocity normal to the surface is not reduced by the 
B field so that electrons can rapidly follow the rf field, just as in the diode case. 


It has been reported that in the rf case, only 50% of the power output from the rf 
generator resulted in sputtering of the target (59). Este and Westwood (60) measured 
both the deposition rate and the target power dissipation in a system with two planar 
magnetrons run in a double ended mode (Fig. 8(d)) with the substrate holder placed be- 
tween them. The total deposition rate was the sum of the rates on the substrates placed 
in front of the two targets. For Al targets in noble gases, they found that the deposition 
rate, Ry normalized to the rate, R, for de sputtering decreased as the frequency increased 
beyond approximately 30 kHz (Fig. 9). The same frequency dependance was obtained for 
the deposition of AIN in a N, ambient. Due to arcing, no value could be obtained for R, 
when the high resistivity AIN formed on the target surface. For all frequencies, Ry was 
proportional to the total power dissipated in the targets, as measured calorimetrically. 
Thus, the decrease in Ry was a result of a decrease in the power actually utilized for 
sputtering. However, they were unable to determine how the rest of the applied power 
was dissipated in the system. Heating of the matching networks did not appear to account 
for more than 20% of the discrepancy. 


0.5 MHz 
de ac (60 Hz) 80 kHz rf (13.56 MHz) 


i j | 


D/D 


“0 1 2 3 4 5 6 7 8 
Log,, frequency (Hz) 


Figure 9: Variation with power supply frequency of the relative sputtering rates from the 
Al targets in Ar (O), Kr( x) and N,(@) discharges at 0.3 Pa and in Ne (A) at 0.6 Pa. The 
N, values are plotted on the assumption that the 13.56 MHz value is 0.5. From ref. 60). 
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9.5.3 Modified Magnetron Systems 


If reactive sputter deposition of compounds can be carried out without the formations 
of an insulating layer on the target surface, it would not be necessary to use rf power 
supplies and the effective deposition rate would also be greatly increased. To do this, the 
target must remain in state A, while the reaction which would convert it to state B occurs 
at the substrate to form the desired compound. There are basically two means of doing 
this: in the first case, the flux of reactant gas to the target must be decreased relative to 
the flux to the substrate, while stil! maintaining a similar reaction rate. In the second case, 
the flux of sputtered metal atoms to the substrate must be much lower than the total 
sputtered flux; i.e., the deposition area must be much greater that the area of the target 
which is sputtered. Various methods for meeting these conditions were discussed by 
Schiller et al (11). 


In one of these methods, a baffle in introduced between the target and the substrate, 
with the reactive gas only entering the chamber on the substrate side (61), as shown in 
Fig. 10. The O, flux to the target is reduced by the baffle, and oxygen reacts with the 
metal deposited on the walls of the apertures in the baffle. They were able to deposit 
transparent, conducting films by sputtering a Cd,Sn alloy target. They also observed the 
maximum in target voltage reported by Schiller (11). By coupling an rf power of 100W 
to the substrate holder, they obtained films with a 95% transmittance and a resistivity of 
4.5x10-*2cm. Both the power density and self bias voltage were very low for resputtering 
of the film, but the oxygen discharge around the substrate increased the reaction rate and 
thus increased the process window. 


Figure 10: Schematic of baffled magnetron sputtering system. (1) target, (2) baffle, (3) 
Ar inlet, (4) substrate, (5) reactive gas manifold. 


Este and Westwood used the baffled magnetron to deposit ALO, for optical 
waveguides (56). They investigated the effect of different aperture sizes in the baffle on 
the value of f,,, the critical flow rate at which the target converted to state B, and on the 
deposition rate and uniformity. The results are summarized in Table 4. The critical flow 
increased only slightly when the apertures in the baffle had a diameter of 4 mm, but it 
increased 11% when 100W of rf power was coupled to the substrate. Apertures of 2mm 
diameter increased the critical flow rate by 26%, but then the rf discharge did not make 
a significant difference. Thus, the smaller apertures gave a larger operating window be- 
cause the O, conductance was lower and more of the sputtered Al flux was deposited on 
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the aperture walls. However, this was coupled with a 40% decrease in the deposition rate, 
compared to the large apertures. Al,O; films with optical waveguide losses of 1 dB/cm 
were obtained in all cases, but the flow of oxygen had to be closely monitored. 


Table 4: Values for f,, for conversion of the Al target to state B at a de power level of 1 
kW for baffles consisting of apertures in a 5 mm thick plate, with and without rf power 
coupled to the substrate. The Al,O, deposition rate is normalized to the unbaffled rate 
obtained by rf sputtering the Al target (56). 


% flux on 
Aperture Conductance rf power f(O,) Relative aperture 
dia (mm) l/s (W) sccm Dep. rate walls 
none 2 - 8.4 1 - 
2 0.15 - 10.6 1.2 58 
2 0.15 100 10.7 1.2 58 
4 0.3 - 8.5 3 49 
4 0.3 100 9.3 3 49 


As shown in Table 4, the Al,O, deposition rate for the larger apertures was three 
times the rate obtained for the same total power in an unbaffled magnetron. The higher 
rate in the baffled case is due, in part, to the 50% efficiency in utilizing the applied rf 
power discussed above. The optimum arrangement of a baffle will, of course, depend on 
the reactivity of the system, the specific geometry and the process window required for a 
particular application. It might seem that an increase in the deposition rate (at constant 
power) of a factor of 3 would not justify the extra complexity of the baffled magnetrons. 
However, the use of de, rather than the rf required in the unbaffled case has a significant 
advantage: a 20 kW de power supply and a 2 kW rf power supply are approximately the 
same size and cost. Jones (62) has recently demonstrated high rate deposition of ZrO. 


Chang and McGarr obtained silicon nitride films using a Si target in a sputter gun 
configuration (63). As shown in Fig. 11, the Ar enters the system between the central 
anode and the target face, while the nitrogen is introduced in a manifold in front of the 
target, directed at the sample surface. For a discharge current of 3A, the target voltage 
decreased from 800 to 640 V as the nitrogen flow increases from 5 to 9 SCCM, and then 
remained constant at higher flows. Silicon nitride films were deposited at flows exceeding 
9 SCCM with good thickness and refractive index uniformity. The normalized deposition 
rate for SiN, was 40 nm min-'kW-1!. They noted, however, that the placement of the ni- 
trogen manifold was critical. 
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Figure 11: Schematic of sputter gun arrangement for reactive sputtering of SiN, (1) Si 
target, de powered, (2) magnetic field system for magnetron, (3) anode), (4) close- 
coupled substrate, and (5) N, dispenser ring (from ref. 63). 


In principle, it should be possible to decrease the flux of sputtered atoms to the 
substrate while maintaining a constant total sputtering flux by increasing the substrate 
area. Typically, the deposition area is 1-3 times the area of the erosion ring in the 
magnetrons. Of course, the sputtered atom flux at the substrate could be reduced by in- 
creasing the target to substrate separation. However, the deposition rate is decreased and 
the environment in which the film grows (eg. atom energy) also changes. Moreover, the 
effective substrate area must be increased to use the sputtered atoms efficiently. For a 
given substrate size, a number of substrates may be coated in parallel. Generally, the 
substrate holder must be moved to obtain uniform deposition on each substrate. As shown 
in Fig. 12(a), a number of substrates can be moved continuously past the target. How- 
ever, while deposition at substrate position S, is due to sputtered atoms travelling almost 
normal to the target, any deposition at S, is due to atoms which have travelled a consid- 
erable distance from the target and will, therefore, have much lower energies and a lower 
flux. Deposition is usually limited to position 8, by a shield (Fig. 12(b)) to eliminate the 
low energy flux. The substrates move sequentially past the opening in the shield. 


Suppose that this arrangement is used to sputter an Al target in an Ar/O, mixture with 
the target in state B (oxidized). If the sputtering rate of Al is 1um/ min and the rotation 
rate of the substrate holder is 1/6 rpm, a 300 nm thick Al/AI,O, film will be deposition 
on each substrate in one rotation. If the rotation speed is 50 rpm, only a 1 nm thick layer 
will be deposited per rotation. During the 5/6 of the rotation time when no film is being 
deposited, the layer may react with the O, in the chamber: if there is sufficient O,, the 
layer may be completely oxidized. Thus the result will be a film consisting of perhaps 
hundreds of thin layers. This effect is often seen in metal deposition systems, where the 
oxidation may be due to background water vapor in the system, and the resulting thin film 
is really a stack of metallic and partially reacted films (64). In general, only the more re- 
active compounds can be formed with this process. This is usually limited to oxides with 
heats of formation greater than 9 eV (65), including oxides of Cr, Al, W, Ta and Ti. For 
nitride formation, bombardment of the growing film by energetic species is required to 
form compound films. This can be arranged by the addition of an ion beam or a subsidiary 
discharge. 
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Figure 12: Schematic arrangements for deposition on multiple substrates. (a) substrate 
rotation through whole sputtering flux, (b) deposition limited by shield, (c) increased re- 
activity on position S, by ion bombardment from gun G, (d) increased reactivity produced 
by discharge between shield and substrate holder. 


9.5.4 Monitoring Systems 


The control of the reactive gas flow relative to the sputtering rate is clearly very im- 
portant in determining the operating point for reactive sputtering. In general, it is desira- 
ble to operate the target in state A, but as close as possible to the critical flow for 
transition to state B. If the ratio of the reactive gas flow to discharge power, f,/P, in- 
creases, the target will convert to state B and the deposition rate may dramatically de- 
crease. If f,/P decreases, the film composition could change to a more metal rich mixture, 
with a consequent change in film properties. As discussed earlier, in many target-gas sys- 
tems, the response of the magnetron in the reactive gas is not a simple linear function of 
f,/P, and hence the conversion from state A to state B may be rapid and difficult to con- 
trol. In addition, as the target conditions change, for example due to the erosion of a 
deeper etch track in the target, the sputtering rate and the sputtered flux distributions for 
a given power will change, so that the exact nature of the critical reactive gas flow will also 
change. 


In an experimental system, it is relatively easy to do an initial experiment to determine 
the value of the critical flow at a given sputtering power, P, and system pressure. The re- 
active gas flow can then be stopped, and the target will recover to state A. The reactive 
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gas flow can then be adjusted to just below the critical flow level, and monitored carefully. 
In manufacturing systems, however, a method of continuously adjusting the operating 
point to maintain constant deposition rate and film properties is necessary. This involves 
some means of monitoring any change in the operating point and providing a feedback 
control to change either the reactive gas flow or the discharge power accordingly. In 
general, the time response of the power supply is faster than the response of the gas flow 
controllers. 


To monitor the operating point in such a non-linear system requires a sensitive 
method. If the pressure increases significantly, it will be impossible to recover the oper- 
ating point without essentially tracing out the hysteresis curves in Fig. 1. This is also 
clearly unacceptable for the deposition of homogeneous films. The parameters which 
change rapidly near the critical flow transition are the system pressure and the partial 
pressure of the reactive gas species, the discharge parameters such as the voltage or cur- 
rent in a dc system or the self-bias voltage in an rf system, and the resultant film proper- 
ties. An additional, observable change is the emission of light from the plasma, which is 
indicative of both particle density as well as discharge parameters. All of these parameters 
have been used as monitors, but their application depends on the particular reaction which 
is being controlled as well as aspects of the sputtering system. 


Affinito and Parsons described the detailed operation of a microprocessor-based 
control tool for the reactive sputtering of Al in Ar/N, (13). The values of chamber 
pressure, P, and nitrogen partial pressure, p(N,), the gas flows, the discharge current and 
voltage and the optical emission from the Al were all measured. Using the discharge 
voltage, Vy, as the experimental variable, they obtained data for several of these param- 
eters (Fig. 13). At low values of Vr, p(N,) was 2 Pa, the discharge current was low and 
no Al emission was observed. This suggested the target was in state B. When Vr was in- 
creased to 270V, the target converted to state A with a large increase in discharge current, 
coupled with a strong increase in Al emission and a decrease in p(N,). As Vy increased 
to 330 V, the current decreased. All points along this apparently negative resistance re- 
gion were reached through positive resistance steps away from the equilibrium point and 
back again. These steps had to be much smaller than the width or height of the negative 
resistance region; otherwise, oscillations developed from which recovery was not possible. 


Affinito and Parsons found that they could control the transition from State A to state 
B in the Al — N, case by this feedback control method, but that the same method was not 
successful when the nitrogen was replaced by oxygen. They developed a model for the 
change in rate of target coverage caused by a fluctuation in the current ( AI ) 


Pius Lp Le 
dt © I (l+y)e ôp ôI 


A( Jal (1) 


where n, is the number of reactive gas molecules adsorbed on the target surface, p, is the 
relative gas pressure, n/p, is a sticking coefficient for chemisorption, F; is the fraction of 
reactive gas ions bombarding the target (eg. I(N2*)/I) and 7 is the sticking coefficient for 
reactive ion species at the target. As discussed above, thc meaning of p, when the target 
is in state A is questionable and many of the values of the other parameters are unknown. 
They proposed that the different behavior of O, and N, was due to the first term, 
np,AI/I : for molecular N, there is no chemisorption (y = 0), whereas y is definitely 
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greater than 0 for the case of oxygen. This results in a much faster change in surface 
coverage for O, than N,, such that their control system could not respond. The monolayer 
coverage time for the formation of Al-O compounds at their operating condition was es- 
timated to be 1 ms. The control system in this case would allow only a 10% change in 
discharge current in that time. 


| (amps) 
Al emission intensity 


250 300 350 400 
V, (volts) 


Figure 13: Variation of I, p(N,) and optical emission intensity from excited Al as a 
function of the voltage on the planar magnetron cathode in Ar/N, The ar flow rate was 
1 SCCM and the resulting pressure was 0.93 Pa. The nitrogen flow was 1.5 SCCM. The 
dashed line from X to Y shows the transition which would occur if I is the experimental 
variable (from ref. 13). 


Sproul used a residual gas analyzer to monitor p(N,) in the production of wear- 
resistant coatings of TiN, ZrN and HfN (66). Using feedback control from the RGA, he 
operated continuously at deposition rates within 15% of those for metals in Ar. Because 
the chamber pressure for sputtering is much higher than for the operation of the RGA, the 
RGA must be differentially pumped. He later described the advantages of automatic 
control using a fast feedback loop (<0.2 s) for the deposition of TiN. Hmiel also de- 
scribed an automated system for the deposition of TiN (67). He pointed out that the re- 
sponse time of the control loop depended of the distances between the target, the N, inlet 
and the RGA. When the RGA was too far from the chamber (1 m), the response time 
was 1.5 s, and stable operation was not obtainable. 


Optical emission from the plasma has been successfully used to drive the feedback 
loop in several cases. In general, these techniques monitor either a reduction in the emis- 
sion of the metal species or an increase in the emission of the reactive gas species near the 
critical flow point. The advantage of an optical emission monitor is that it samples from 
regions where the reaction is actually taking place: there is no need for differentially 
pumping as in the case of the RGA. This means that the response time can be much faster. 
A number of authors have reported results with this technique (68-71), and the control 
hardware is becoming commercially available. 
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Finally, for transparent conducting films, both the transmittance and the resistivity 
depend on the operating conditions for the reactive sputtering. Ridge and Howson (72) 
have reported measurements of indium-tin-oxide on polyester film sheet resistance used 
as a feedback loop for controlling the discharge. They used a baffled-magnetron device 
discussed earlier and found an increase in the sheet resistance of a factor of 10x for only 
a 10% increase in the oxygen flow. 


9.6 REACTIVE SPUTTER DEPOSITION WITH ION BEAMS 


Ion beam systems are, at least conceptually, less complex than plasma-based sputter- 
ing systems. Ions are generated in a plasma source located away from the target and are 
extracted from the source with a given energy and directed at the target with a current 
density J;. Electrons may be mixed with the ions so that no net charge is delivered to the 
target. This prevents charge build-up, and as such, the insulating targets can be sputtered 
as easily as conducting targets. 


A schematic of an ion beam system is shown in Fig. 14. Kaufman multiple aperture 
ion sources (see Chap. 7) have been the most widely used for the past 15 years. They can 
provide a monoenergetic ion beam with diameters up to 40 cm and energies of up to 2000 
eV. Other types of sources, the 'End-Hall" or closed-drift source (73), the ECR source 
(74), the saddle-field ion source (75) and the cold-cathode-type source (76) can be used, 
depending on the application and the gas choice. Often for reactive gases, the hot fila- 
ments present in the Kaufman source can be troublesome and other sources may be pre- 
ferred. 


Figure 14: Schematic of dual 
ion beam sputter deposition 
system. 


The use of ion sources for reactive sputter deposition differs from the plasma-based 
techniques duc to the lower pressure of operation of the ion sources. Typical pressures for 
the plasma systems are a few Pa (5-100 mTorr) and for the ion beam sources are 0.01 to 
0.1 Pa (7x10-5 to 7x10-*). The reduction in pressure means that the sputtered species are 
not scattered by gas atom collisions following sputtering, and retain their full kinetic en- 
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ergy. Another significant difference from plasma-based techniques is that there is no po- 
tential on the target and therefore negative ions or secondary electrons are not accelerated 
to the depositing film at high energies. Energetic, reflected neutrals from the target sur- 
face, however, will not be scattered in an ion beam system, and thus may have a more 
significant effect on film properties that in the plasma-based techniques. 


The ions from the ion source may be either an inert species, such as Art, Kr+, etc, or 
mixtures of inert gas and reactive gas species, such as Oj or Nj. The ions are usually in- 
cident on the target at approximately 45° both for geometric reasons and to maximize the 
sputter yield. To obtain a symmetric deposition with optimum uniformity, the substrate 
should lie on the axis of the target and be parallel to it. 


For many reactive deposition cases with ion beam sputtering, it is not necessary to add 
the reactive gas to the primary ion source, but simply to the discharge chamber. The ion 
source is then operated in a pure inert gas environment, and is less susceptible to internal 
damage caused by the reactive species. For nitride deposition, however, it was observed 
to be very difficult to deposit Si,N, films by simply bombarding a Si target with N,* ions, 
and only for very low deposition rates were the films stoichiometric (77) A second source 
was introduced, as shown in Fig. 14 which delivered 680 eV N,* ions to the substrate 
while the primary ion source sputtered the Si target with Ar+ Provided the N,* flux was 
sufficient, the films produced were of the desired Si,N, composition. 


In a similar experiment, Harper et al (78) investigated the sputter deposition of AIN 
from an Al target using a dual ion beam approach. The Al target was sputtered with 1.5 
keV Art, while the second ion source directed N,+ ions from 100 to 500 eV to the sample. 
Due to a gradient in the current density of the second ion source, it was possible to ex- 
amine regimes where the N,+ ion flux both exceeded or was smaller than the Al flux. With 
excess nitrogen ion bombardment, the films formed were AIN, with the excess nitrogen 
being desorbed. Where the Al flux was larger, the films formed were a mixture of Al and 
AIN. However, when the same amount of nitrogen was admitted to the chamber without 
the operation of the second ion source, there was essentially no reaction with the sput- 
tered Al. A similar effect can be inferred from the work of Kitabatake and Wasa (79), 
who obtained Si,N, films using a single source operating in Ar and N, In this case, the 
sample was located close to the target such that the ion beam also hit the sample at grazing 
incidence. 


One of the most successful applications of reactive sputter deposition with ion beams 
has been the deposition of high quality optical films. This is done either in the arrange- 
ment of Fig. 14 or with an evaporation source replacing the sputtering target as a source 
of metal atoms. The films produces with these techniques are superior to films deposited 
without concurrent bombardment. 


9.7 CONCLUSIONS 


Reactive sputter deposition continues to be an area of intense interest for the pro- 
duction of compound films. While the ion beam experiments have shown excellent results, 
particularly for the deposition of optical and nitride films, much of the interest has rc- 
mained in the use of the magnetron-based reactive deposition technique. Numerous 
studies have reported techniques or models which deal with the basic problem of target 
poisoning. Some of these techniques, particularly with the deposition of nitrides, have 
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been very successful. This can probably be traced to the energy requirements to form the 
nitride. The same cannot generally be said for the reactive deposition of oxides. Generally 
in this case, process control by feedback techniques has not been successful, at least on a 
large scale. Individual experiments, using either very large pumping speeds, baffles or 
some means of optical feedback contro] have been successful in some cases, but a general 
solution to this problem still remains elusive. 
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Plasma Enhanced Chemical Vapor Deposition 
of Thin Films for Microelectronics 


Rafael Reif 


10.1 INTRODUCTION 


Plasma enhanced chemical vapor deposition (PECVD) is an established commercial 
technique for the deposition of insulating films such as silicon nitride and silicon oxide (1). 
The major advantage of PECVD is its lower temperature capability compared to that of 
thermally driven CVD. For example, deposition temperatures of 700 to 900°C are re- 
quired to deposit silicon nitride films by thermal CVD, while only 250 to 350°C are suf- 
ficient to deposit similar films by PECVD (2,3). This lower temperature capability is 
made possible by the addition of electrical energy to the CVD environment, and the ef- 
fective substitution of this electrical energy for thermal energy. 


PECVD is also being investigated as a potential technique for the deposition of crys- 
talline films such as polycrystalline silicon (4-6), epitaxial silicon (7-9), epitaxial gallium 
arsenide (10-12), and refractory metal and silicide (13,14) films. More recently, the 
PECVD of diamond films has also received a great deal of attention (15,16). The driving 
force for the PECVD of these materials is the same as that for the insulating films; that 
is, to lower the deposition temperature while maintaining reasonable growth rates and 


high quality. 


This chapter discusses the plasma enhanced chemical vapor deposition technique, 
emphasizing the issues important to the deposition of thin films for microelectronics. It 
begins with a review of the basic physics and chemistry of nonequilibrium glow dis- 
charges, followed by a discussion of the effects of adding a glow discharge to a chemical 
vapor dcposition (CVD) environment. The latter sections discuss the most important 
dielectric, semiconductor, and conductor films that have been deposited by PECVD. 
References (17-24) correspond to other reviews of PECVD. 


260 
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10.2 NONEQUILIBRIUM GLOW DISCHARGES 


A glow discharge can be defined as a partially ionized gas containing equal volume 
concentrations of positive and negative charged species (mostly ions and electrons, re- 
spectively) and different concentrations of ground-state and excited species (25,26). This 
partially ionized gas can be generated by subjecting the gas to very high temperatures or 
to strong electric or magnetic fields. In thermal plasmas, the electrons, ions, and neutral 
species are in local thermodynamic equilibrium. In nonequilibrium or "cold" plasmas, the 
electrons and ions are more energetic than the neutral species. 


Most of the glow discharges used in microelectronics are generated by subjecting the 
gas to a radio frequency (rf) electric field, and they are nonequilibrium glow discharges 
(ie., "cold" plasmas). The electric field initially accelerates a few free electrons present 
in the gas. Although the electric field also acts on the ions, they remain relatively unaf- 
fected because of their much heavier mass. The accelerated electrons do not lose much 
energy in elastic collisions with gas species because of the large mass difference. Fur- 
thermore, these electrons do not lose much energy in inelastic collisions (e.g., excitation 
and ionization), until their energies reach the necessary threshold energies (e.g., 11.56 eV 
for excitation and 15.8 eV for ionization of argon (25)). Consequently, these accelerated 
electrons gain energy quickly from the electric field. 


Once these electrons acquire sufficiently high energies, their collisions with gas spe- 
cies result in excitations and ionizations, the latter generating additional electrons that are, 
in turn, accelerated by the electric field. This transient process avalanches quickly, cre- 
ating the steady state glow discharge. In steady state, the glow continuously loses charged 
species (i.e., electrons and ions) to the electrodes and other surfaces within the chamber, 
and gains a numerically equal number of electrons and ions from ionizations. Other 
mechanisms that produce additional electrons, such as secondary electron emission from 
positive ion bombardment on the electrodes and walls, are known to play a major role in 
sustaining the glow discharge. 


The inelastic collisions between high-energy electrons and gas species give rise to 
highly reactive species, such as excited neutrals and free radicals, as well as ions and more 
electrons. In this manner, the energy of the electrons is used to create reactive and 
charged species without significantly raising the gas temperature. The reactive species 
produced in the plasma have lower energy barriers to physical and chemical reactions than 
the parent species and, consequently, can react at lower temperatures. PECVD uses these 
reactive species to deposit thin films at temperatures lower than those possible with 
thermally driven CVD. The charged species in the glow discharge may also affect the 
properties of the deposited films (27,28). 


There are many possible inelastic collisions between electrons and gas species in a 
glow discharge. Examples of those believed to be important in PECVD are listed below: 


Excitation: A +e > Atte (1) 
Ionization: A +e > At + 2e- (2) 
Dissociation: A +e > 2A +e (3) 
Electron attachment: A +e > A` (4) 
Dissociative attachment: A, +e > A+A (5) 
Photoemission: A* > A + hy (6) 


Charge transfer: At+B7>A+B+t (7) 
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where A, Ao, and B are reactants, e- is an electron, A* is reactant A in an excited state, 
and A+, A-, and B+ are ions of A and B. 


’ 


The rate at which these inelastic collisions create excited species, ions, free radicals, 
etc., can be estimated by using a reaction rate equation (29). For example, the rate at 
which A* is created from reaction (1) can be given by: 


d[A*] 
dt 


=k Alle] (8) 


where d[A*]/dt is the rate of formation of A*, k, is the reaction rate coefficient, [A] is 
the concentration of species A, and [e7] is the electron concentration (30). Similar 
equations can be used to describe the reaction rates corresponding to reactions in Eqns. 
(2) through (7). 


As discussed above, only high energy electrons can take part in inelastic collisions. 
In order to take this into account, k, in Eqn. (8) needs to be defined in terms of the 
electron velocity and the inelastic collision cross-section. The cross section of an 
electron-reactant inelastic collision is proportional to the probability that this inelastic 
collision will occur and is a function of the electron energy. For example, if the energy 
of the electron is lower than the required threshold energy, the collision cross section is 
zero, The rate coefficient k; can be calculated by using the following equation (29): 


“e 2E t7 
ki = fier * 6,(B)f(E)dE (9) 


where E is the electron energy, m, is the electron mass, g; is the collision cross section of 
reaction i and is a function of E, and f(E) is the electron energy distribution function and 
gives the fraction of free electrons having a given energy. The integration is carried out 
over all possible electron energies. The square root term in Eqn. (9) is the electron ve- 
locity. 


Some collision cross section data can be found in the literature (31). However, most 
of the cross sections of interest in microelectronics are not known. A similar situation 
exists with the electron energy distribution function f(E). It is typical to assume a 
Maxwell-Boltzmann distribution for f(E), that is, a distribution in which a large fraction 
of the electrons have energies lower than or equal to the average electron energy, and the 
fraction of electrons having higher energies decays exponentially with increasing energy. 
However, the actual electron energy distribution function is not known, and non- 
Maxwellian distributions have been proposed. Moreover, it is possible that the reactant 
composition of the gas influences f(E) because the higher-energy electrons lose a signif- 
icant fraction of their energies in inelastic collisions with these reactants. Consequently, 
it is difficult to calculate reaction rate coefficients and reaction rates theoretically (32). 


The rf glow discharges commercially used in microelectronics operate at frequencies 
between 50 kHz and 13.56 MHz, and pressures of 0.1-2.0 Torr. The plasma density (i.e. 
the density of ions and free electrons) is in the range of 108 to 10'!2 cm-3. The degree of 
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ionization is typically < 10-4, i.e., the principle species in the glow is primarily neutrals. 
A Maxwell-Boltzmann distribution is usually used to approximate the energy distribution 
of free electrons. Typical average electron energies are 1-3 eV, but the fastest electrons 
may reach energies as high as 10-30 eV (33). These high energy electrons make possible 
the creation, at relatively low temperatures, of the reactive species responsible for film 
formation. Because the average electron energies are much higher than the ion energies, 
these are known as non-equilibrium glow discharges; i.e. the PECVD environment is not 
in thermal equilibrium. Consequently, thermodynamics is of little help in predicting the 
product of a PECVD reaction. 


10.3 POTENTIALS IN RF GLOW DISCHARGES 


Several potentials are important in the glow discharges used in microelectronics: the 
plasma potential, the floating potential, and the sheath potential. 


The plasma potential (V,,) is the potential of the glow region of the plasma, which is 
normally considered nearly equipotential. It is the most positive potential in the chamber 
and is the reference potential for the glow discharge. 


The floating potential (V;) is the potential at which equal fluxes of negative and pos- 
itive charged species arrive at an electrically floating surface in contact with the plasma. 
It is approximately given by: 


kT, mi 
In( 
2e 2.3m, 


Vp- Yr = ) (10) 


where T, is the electron temperature, e is the unit electron charge, and m; and mẹ are the 
ion and electron mass, respectively (25,34). Equation (10) can be used to estimate the 
maximum energy with which positive ions may bombard electrically insulated chamber 
walls. Most sputtering threshold energies are 20 to 30 eV (25). Therefore, a 
Vp — V; < 20 to 30V would avoid sputtering off the walls, which may lead to film con- 
tamination. 


The plasma potential is always positive with respect to any surface in contact with the 
plasma. This is because the mobility of free electrons in the plasma is much greater than 
that of ions and, consequently, the initial electron flux to all surfaces is greater than the 
ion flux. Therefore, the surfaces in contact with the plasma become negatively charged, 
and a positive space charge layer develops in front of these surfaces. Because there are 
fewer electrons in the space charge layer, or sheath, fewer gas species are excited by 
electron collisions. Consequently, fewer species relax and give off radiation, and the 
sheath region is dark relative to the glow discharge. Positive ions that enter the sheaths 
from the glow region by random thermal motion accelerate into the clectrodes and other 
surfaces in contact with the plasma. Similarly, secondary electrons emitted from the sur- 
faces (e.g., due to positive ion bombardment) accelerate through the sheaths into the glow 
region. The maximum energy with which positive ions bombard a surface, and the maxi- 
mum energy with which secondary electrons enter the glow region, is determined by the 
difference between the potential of the surface and the plasma potential. Because this is 
the potential across the sheath, it is usually referred to as the sheath potential. 
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Figure 1(a) shows schematically an rf generator connected to the electrodes of a 
plasma system (35). A,, A, are the areas of the electrodes and V,, V, are the voltages 
across the sheaths in front of the electrodes, An rf generator signal of V peak Sin wt is as- 
sumed in this discussion. As indicated in Fig. 1(b), the average sheath voltages are the 
same, i.e. V} = V2 , because the generator is dc coupled to the reactor. Moreover, the 
average plasma potential is equal to the average sheath potential, i.e. Vi=V,= Vo . The 
value of V, = V, = V, varies from about 0.5V peak in symmetric reactors (i.e. ” where 
A, = A,) , to higher values in asymmetric systems (36). If a "blocking" capacitor is 
added between the generator and the powered electrode (Fig. 2(a)), no de current is al- 
lowed in the circuit in steady-state. Consequently, the capacitor charges up to a sufficient 
"self bias" voltage until there is no de current in the circuit. This average self bias po- 
tential is indicated as V; in Fig. 2(b). It is negative when the smaller electrode is powered 
(Fig. 2(b)), but positive when the larger electrode is powered (36). The values of 
V,, V, and V; are determined by the ratio of the electrode areas, i.e. V,/ V3 = (A,/A,)" 
(37, 38). 


PLASMA 
SYSTEM 


(b) 


Figure 1: Potential distribution in rf plasma systems without blocking capacitor (35). 
(a) Electric circuit with rf generator c seine to the electrodes of the plasma system. 
(b) Potential distribution: | V, | = | V2| = p is the average plasma potential. 


Koenig and Maissel (37) derived this area ratio expression assuming very low pressure 
operation and theoretically found n = 3 or 4. Experimental data suggest that the ratio 
V,/V; is also a function of the gas in the discharge and the peak-to-peak rf voltage ap- 
plied (39). Moreover, for A,/A,~1 — 1.7, the value of n was found to be close to 4 (39), 
but for larger area ratios n has been found to be Peia to 1 (34,38 i In very asym- 
metric reactors (i.e. A, > > Aj), IV, |=| Vr | =V peak ; while V, = V,20. On the other 
hand, in symmetric reactors | V, | = | V2.1 = V, = Vpeak/2 . Notice that the sheath po- 
tentials and the plasma potential are equal to 0. 5V peak in symmetric systems with or 
without a blocking capacitor. Tables 1 and 2 summarize the sheath, plasma, and self-bias 
voltages discussed here. 
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PLASMA 
BLOCKING SYSTEM 
CAPACITOR a Ao 


(a) = 


Figure 2: Potential distribution in rf plasma systems with blocking capacitor (35). (a) 
Electric circuit with rf generator connected to the electrodes of the plasma system through 


a blocking capacitor. (b) Potential distribution: V- is the self-bias voltage. 


asymmetric 
(A1 << Ag) 


symmetric 
(Ay = Ag) 


ao) 


Vpeak/2<V} < Vpeak 


Vpeak/2 Vpeak/2<V2< Vpeak 
Vpeak/2 Vpeak/2<Vp< Vpeak 
(cae a ey | SUR a 


Table 1: Average sheath (V,, V3), plasma (V,), and self bias (V) voltages in de-coupled 


reactor. The applied voltage is Vpeak sin wt . Notice that V =V, = V, and that Vr = 0 
as there is no blocking capacitor. (see Fig. 1.) 
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asymmetric 
(A1 << Ag) 


Vpeak/2<V} < Vpeak 


Vpeak/2 Vpeak/2<Va< Vpeak 
Vpeak/2 Vpeak/2<Vp< Vpeak 


Table 2: Average sheath (V4, V2), plasma Vp), and self bias (Vy) voltages in 


capacitively coupled reactor. The applied voltage is V eak sin wt . Under these conditions, 
Vi/V_ = (Ao/Ay)*, | Vr] = Vi — Va, and V, = V, . (See Fig. 2.) 


10.4 QUALITATIVE MODEL FOR PECVD 


In thermally-driven CVD, ground state species containing the elements to be depos- 
ited (e.g. silane (SiH, ) and ammonia (NH;) as parent species for Si and N, respectively, 
in Si;N, depositions) are transported to the vicinity of the wafer surface where they dif- 
fuse to the surface, adsorb on the surface, undergo chemical reactions and surface mi- 
gration, and eventually yield a solid film. Reaction byproducts also form, and they desorb, 
diffuse away into the main gas stream, and are transported out of the chamber. This se- 
quence of steps is summarized below: 


Transport of reactants to the growth region 

Mass transport of reactants to the wafer surface 

Adsorption of reactants 

Physical-chemical reactions yielding the solid film and reaction byproducts 
Desorption of byproducts 


Mass transport of byproducts to the main gas stream 


Se SY Oe E 


Transport of byproducts away from the growth region 


An equivalent circuit representation of this sequence of steps is shown in Fig. 3 (40). 
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Figure 3: Equivalent circuit representation of sequence of steps in thermally-driven CVD 
(40). The Rs (with i = 1 - 7) represent the seven steps described in text. 


When a plasma is generated in a CVD environment, a fraction of the ground-state 
parent species in the gas phase undergoes electron impact dissociation and excitation, and 
highly reactive species are consequently generated. As a result, in addition to the ground 
state species, these highly reactive species also diffuse to the surface, and undergo similar 
processes of adsorption, chemical reactions, surface migration, etc. In other words, these 
highly reactive species follow an alternative deposition pathway which operates in parallel 
to the existing thermal deposition pathway. An equivalent circuit representation of this 
situation is shown in Fig. 4. The plasma kinetic pathway often bypasses that of the 
ground state species because the sticking coefficients of the highly reactive species are 
closer to unity (26), and the activation energies for chemical dissociation are typically 
lower. The latter is illustrated in Fig. 5, which compares the activation energy diagram 
of a ground-state reaction: 


A > B 

which has an activation energy AE, with that of 
A + ETs > A* + stow 
A* + B* 


which has an activation energy AE*. (Strictly spcaking, the rcaction product B* is not the 
same as B. For example, the thermal reaction 


3SiIH, + 4NH, > SiN, + 12H, 
yields a Si,N, film, while the plasma enhanced reaction 
SiH, + NH, > SINH + 3H, 


yields a SiNH film.) 
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Gas Phase . Gas Phase + Solid Surface 
Ri to RS 


Figure 4; Equivalent circuit representation showing the thermal CVD path, and the 
parallel plasma-enhanced path represented by the R, *’s. 


Consequently, the plasma kinetic pathway makes possible a higher deposition rate. 
Moreover, the ions present in the plasma may bombard the substrate surface, further 
modifying the kinetic pathway by effecting the breaking down of weakly bonded reactive 
species, the surface migration of adatoms, and/or removing undesired contaminants. 
(However, if ion energies, fluxes, and/or doses are too high, they may also affect the film 
quality.) Temperature is still needed to drive the reaction over AE* (Fig. 5), i.e. to pro- 
vide the energy required to promote surface reactions and desorb byproducts, as well as 
to lower film contamination. 


f aes 


aminao 


ay 


T Nau! A 


AE 


Figure 5: Activation energy diagram for a thermally-driven (solid line) and for a 
plasma-enhanced (dashed line) reaction. 
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10.5 COMMERCIAL PECVD SYSTEMS 


The commercial PECVD systems discussed here have been used successfully to de- 
posit silicon nitride, silicon oxynitride, silicon oxide, and hydrogenated amorphous silicon 
films. Some of these systems are also being used to investigate the deposition of 
polycrystalline (Si, refractory metal, refractory metal silicide, diamond) and epitaxial (Si, 
compound semiconductor) films. 


The first commercially important PECVD reactor was introduced by Reinberg in 
1974 (sce Fig. 6) (41). The plasma is generated between the two parallel, circular 
electrodes. The wafers are loaded onto the lower, electrically grounded, electrode. The 
upper electrode is connected to the rf generator through an impedance matching network. 
The reactants are fed in from the gas ring, enter the plasma region (i.e., the region be- 
tween the electrodes) at its outer edge, and flow radially in toward a pumping port at the 
center of the lower electrode (42, 43). These reactors are also known as "radial flow" 
reactors. 


ALF, 


i Reactant 


Vacuum Gases 
Pump 
Figure 6: Schematic of radial flow reactor designed by Reinberg (41). (Courtesy of the 
Electrochemical Society, Inc.) 


An "invcrsc" radial flow reactor was introduced by Applied Materials in 1976 (see 
Fig. 7) (44). The gas inlet is at the center of the lower electrode, with the gas flow di- 
rected radially outward. A magnetic drive assembly permits rotation of the lower 
electrode, thus randomizing the substrate position and optimizing deposition uniformity. 
An improvement to this design, also introduced by Applied Materials, is shown in Fig. 8 
(43). The perforated electrode in this newer design further improves deposition uni- 
formity. 
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Figure 7: Schematic of inverse radial flow reactor (44). (Courtesy of Applied Materials, 
Inc.) 
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Figure 8: Schematic of inverse radial flow reactor with perforated electrode (43). 
(Courtesy of Applied Materials, Inc.) 


A hot-wall, batch PECVD system (see Fig. 9) was introduced simultaneously by ASM 
America and Pacific Western Systems in the late 1970s (45,46). The deposition chamber 
consists of a quartz tube placed within a resistively heated furnace. Vertically oriented 
graphite slabs carry the wafers in slots. Every other slab is connected to the same rf 
power terminal, as shown in Fig. 9. The glow discharge is generated between adjacent 
electrodes. The reactants are directed along the axis of the chamber tube and between 
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the electrodes. The vertical position of the wafers in this "tubular" design makes possible 
a reduction in the collection of particulates (from wafer handling and flaking off the walls) 
on the wafer surface. In addition, good (+5%) film uniformity can be achieved over a 
large batch of wafers (e.g, = 90 125-mm wafers), and the furnace-type heating aids 
temperature control. Moreover, the plasma excitation technique for these systems makes 
it possible to pulse the rf power to the electrodes, (The rf power is applied continuously 
in all other systems.) Pulsing of the rf power improves deposition uniformity in this re- 
actor. 
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Figure 9: Schematic of hot-wall, batch PECVD system (45). (Courtesy of ASM Amer- 
ica, Inc.). 


Increasing performance demands and larger wafer sizes are driving the equipment 
technology away from the batch machines described here and into single-wafer process- 
ing. Consequently, next-generation PECVD equipment will probably be single-wafer 
machines. 


10.6 PECVD OF DIELECTRIC FILMS 


The most important PECVD dielectric films in microelectronics today are silicon 
nitride, silicon oxide, silicon oxynitride, and silicate glasses. Silicon nitride was the first 
material deposited by the PECVD technique on a large production scale. It is used ex- 
tensively as a final protective passivation and coating layer for integrated circuits because 
it is an excellent diffusion barrier against moisture and alkali ions. The PECVD technique 
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makes possible the low deposition temperature (250 — 400°C) required to deposit a 
silicon nitride film over wafers containing an aluminum metallization layer. Furthermore, 
PECVD nitride films with compressive stress can be obtained, and this permits the depo- 
sition of relatively thick films. Silane (SiH) and ammonia (NH;) are typically used as 
sources of silicon and nitrogen, respectively. Silane and nitrogen (N,) can also be used, 
but these reactants typically yield silicon-rich films (probably due to the relatively high 
bond energy of N, (21)), as well as films with low breakdown strengths (47,48). Depo- 
sitions are normally carried out at pressures of 0.2 to 3 Torr, which yield growth rates of 
200 to 500 A/min. PECVD silicon nitride films contain 15 to 30 at % of hydrogen 
bonded to either silicon or nitrogen (34,38). Film properties such as refractive index, 
Stress, and optical absorption edge are greatly affected by the concentration and chemical 
distribution of hydrogen in the film. 


The following general trends relating the properties of PECVD silicon nitride films 
with process parameters and film composition have been observed. These trends are 
sensitive to reactor geometry and deposition conditions, and are included here only as a 
guide. 


1. The refractive index (1.9-2.2) increases as the Si-H/N-H bond ratio and/or Si/N 
ratio in the film increases (47, 49). 


2. The optical gap is 3-4 eV (compared to 5 eV for stoichiometric Si,N,), and is a 
function of the silicon content in the film. It decreases with increasing Si/N ratio 
(47, 49). 


3. The resistivity ranges from 10° to 10!9 ohm-cm, and decreases with increasing Si/N 
ratio (47, 50). 


4. Breakdown strengths are 1 — 6x106 V/cm, and are sensitive to film composition, 
with the silicon-rich films exhibiting the lower breakdown fields (47, 50). 


5. Film etch rates are typically used to determine film quality. Plasma silicon nitride 
etch rates in aqueous HF acid solutions increase with decreasing Si/N ratios down 
to 0.75, and with increasing H content (47, 51). 


6. Stress varies from 10'dyn/cm?, compressive, to 10!dyn/cm*, tensile, and is a 
function of substrate temperature, gas composition, operating pressure, rf power, 
and rf frequency (47,49,52,53). For example, low excitation frequencies (e.g. 50 
kHz) usually yield films with small compressive stress (~2x10°dyn/cm?) (54), while 
higher frequencies (e.g. 13.56 MHz) may yield films with tensile stress 
(=2x10%dyn/cm*) (52). The optimum stress for silicon nitride films used as final 
passivation layers is 2 — 5x10°dyn/cm?, compressive (54). 


More complete reviews of the PECVD of silicon nitride can be found in references 
(21,42,47,55,56,57). 


PECVD silicon oxide films have been proposed as an interconductor dielectric mate- 
rial because of their low deposition temperature (200-400°C) and relatively low dielectric 
constant (4-6 vs. 6-9 for PECVD silicon nitride (47)). Silane is typically used as the 
silicon source, while nitrous oxide (N,O), nitric oxide (NO), carbon dioxide (CO,), and 
oxygen have been used as oxygen sources. Nitrous oxide has been the preferred oxidizer 
because of the relatively low (1.7 eV) bond dissociative energy of N-O in this molecule 
(17,18). PECVD silicon oxide films are compressive (0.07 — 2.4x10°dynes/cm?) inde- 
pendent of rf frequency, and contain 2 to 9 wt % of hydrogen and less than 5 wt % of 
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nitrogen (54,58). Other properties of PECVD silicon oxide films are refractive index 
(1.45-1.50), breakdown strength (2 ~ 6x10®V/cm), and resistivity (10° — 10" 
ohm-cm). A more complete review on the PECVD of silicon oxide films can be found in 
references (2,21,47,59). 


PECVD silicon oxynitride films combine some of the best properties of PECVD 
silicon nitride and oxide films. The presence of oxygen lowers the dielectric constant of 
silicon nitride films, while that of nitrogen increases the resistance to sodium ions and 
moisture of silicon oxide films. Consequently, these films have found applications as 
interconductor dielectric layers and as surface passivation coating for integrated circuits. 
The deposition conditions for these films are a combination of those used for silicon 
nitrides and oxides (60). 


Phosphosilicate glass (PSG) and boro-phosphosilicate glass (BPSG) can be readily 
deposited by PECVD (54). PSG is frequently used as the interconductor layer between 
polycrystalline silicon and aluminum, and it provides conformal step coverage after heat- 
ing the wafer until the glass softens and flows. This "reflow" process requires phosphorus 
concentrations of 6 to 8 wt % and temperatures of 1000 to 1100°C. BPSG is sometimes 
preferred because it softens and flows at temperatures below 1000°C(61,62). 


10.7 PECVD OF POLYCRYSTALLINE SILICON FILMS 


Polycrystalline silicon (polysilicon) films can be deposited by atmospheric pressure 
chemical vapor deposition (CVD) (63), low pressure CVD (LPCVD) (64), and molecular 
beam deposition (MBD) (65) at temperatures over 600°C. Polysilicon is commercially 
used as the gate electrode and interconnect material in MOS integrated circuits (66), and 
is being investigated as the active material for thin film transistors (TFTs) (67) and as 
solar-energy conversion devices (68). The most commonly used deposition technique for 
integrated circuit applications is LPCVD. This technique has two basic problems: (1) the 
deposition rate and film structure are a strong function of the deposition temperature, and 
(2) the thickness uniformity and deposition rate are affected when large quantities of 
dopant species are introduced in the reactor during growth (4). TFTs are attractive for 
flat panel displays but require fabrication temperatures much lower than those possible 
with either CVD, LPCVD, or MBD. PECVD is being studied as an alternative to 
LPCVD for the fabrication of polysilicon gate electrodes, and as a low temperature fab- 
rication technique for TFTs (67). The potential advantages of PECVD are: (1) less 
sensitivity to deposition temperature, (2) capability of introducing large quantities of 
dopant species without affecting the deposition rate, and (3) lower deposition temper- 
ature. 


Figure 10 shows growth-rate data as a function of deposition temperature for LPCVD 
and PECVD films deposited in the same reactor (6). As indicated earlier, LPCVD de- 
positions are very sensitive to the substrate temperature. At temperatures below 700°C, 
the LPCVD process has an apparent activation energy of 48 kcal/mole, which corre- 
sponds to the energy required to thermally dissociate the silicon source, silane. At tem- 
peratures above 700°C, the growth rate is essentially constant, probably because of mass 
transport and/or silane depletion limitations in the reactor used (6). PECVD depositions, 
on the other hand, yield growth rates which are higher and only weakly dependent (7 
kcal/mole) on substrate temperature. 
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The amorphous-to-polycrystalline transition temperature and the polysilicon structure 
vary with reactor design and deposition conditions. Polysilicon films have been deposited 
at 450°C in a silane/argon plasma (69), at 600°C in a silane/hydrogen plasma (70), at 
700°C in a silane plasma (6), and at 625°C in a dichlorosilane/argon plasma (4). Grain 
sizes ranging from 30 A (71) to 500 A (72) and deposition rates ranging from 30 A/min 
(73) to 3000 A/ min (74) have been reported. Kamins and Chiang (4) found their 
PECVD polysilicon films to be compressive. They introduced up to 5x10% phosphorous 
atoms/cm? in the films by adding phosphine (PH,) to the gas ambient. However, they 
also introduced in the film up to 3x10% chlorine atoms/cm, which were supplied by the 
dichlorosilane (SiH,Cl,) used as the silicon source. 


10.8 PECVD OF EPITAXIAL FILMS 


10.8.1 Silicon 


Silicon epitaxial layers are commercially deposited by atmospheric or reduced (40-100 
Torr) pressure CVD at temperatures of 1050 to 1200°C (75). The relatively high depo- 
sition temperature imposes limits on the minimum thickness and conductivity of films de- 
posited on heavily doped substrates because of dopant redistribution during growth. 
These limitations restrict the levels of integration available for VLSI applications, and 
evidence the need for a lower temperature technique capable of depositing high quality 
silicon epitaxial layers. Molecular beam epitaxy (76), ion beam epitaxy (77), ion cluster 


Plasma Enhanced CVD of Thin Films 275 


beam deposition (78), solid phase epitaxy (79), ultra high vacuum/CVD (80), and 
photoenhanced CVD (81) have been proposed as possible low temperature alternatives. 
Another interesting alternative is PECVD. 


Silicon epitaxial layers have been deposited by PECVD at a temperature as low as 
800°C using a horizontal water- cooled reactor (82). A SiH,/H, (27 MHz) discharge 
produced deposition rates of 200A/min at 800°C, silane partial pressures of about 1 
mTorr, and operating pressures of 0.2 to 0.6 Torr. The substrate surface was in-situ 
cleaned by a hydrogen plasma for a few minutes at the deposition temperature imme- 
diately before the start of the deposition. The success of these experiments was attributed 
to this predeposition plasma cleaning step. 


Silicon epitaxial layers have also been deposited at a temperature of 750°C using a 
vertically aligned PECVD system with rf (13.56 MHz) excitation (7,83). The glow dis- 
charge was confined between two mesh electrades perpendicular to the gas flow, and the 
wafer was located downstream, parallel to the electrodes, and 150 mm below the lowest 
electrode. These experiments were carried out at much lower operating pressures, 
1x10-? and 3x10-3 Torr, but yielded higher deposition rates, 1980 and 840 A/ min, re- 
spectively. The power level supplied to the discharge was 200 watts. The gas ambient 
consisted of silane, but germanium was added to the plasma at the beginning of the de- 
position. The addition of germanium was found to be essential, and it was proposed that 
it cleaned the wafer surface by removing the native silicon dioxide layer coating the 
substrate. The addition of germanium, moreover, resulted in the formation of a Si-Ge 
alloy in the first 1000 A of the epitaxial film. Predeposition cleaning consisting of HCI 
gas (850°C , 10 min) was found unsuitable because it produced epitaxial films with hazy 
surfaces. The films were in-situ doped by adding phosphine diluted in helium to the 
plasma, but they had to be annealed (1000°C, 60 min) to electrically activate most of the 
phosphorus in the film. 


Silicon epitaxial films have been deposited at temperatures as low as 650°C using a 
low pressure CVD system both with and without plasma enhancement using silane 
(84-87). The reaction chamber consists of a quartz tube fitted with a polished flange and 
sealed to water-cooled stainless-steel flanges using silicone or Kalrez gaskets (see Fig. 11) 
(87). A graphite susceptor is suspended from the upper flange and it holds a single wafer 
(50 or 100 mm) in a vertical position facing an infrared lamp array. A 510 I/s 
turbomolecular pump system permits total flow rates up to 100 sccm while achieving a 
hydrocarbon free base pressure in the 10-8 Torr range. Operating pressures are 1-100 
mTorr. The rf power supply is a 1 kW, 13.56-MHz generator coupled to the reactor 
through an automatic matching network. Plasma powers from 2.5 to 100 W may be used. 
A dc power supply is additionally used to bias the susceptor relative to ground. This ar- 
rangement decouples substrate biasing from rf plasma power or electrode self-bias. 


Figure 12 shows Arrhenius plots of <100> growth rates with (PECVD) and without 
(CVD) plasma enhancement for temperatures from 750 to 800°C and a silane total 
pressure of 6 mTorr (88). The thermal CVD deposition rates range from 500 to 600 A/ 
min and exhibit an apparent activation energy of about 8 kcal/mole. Low rf power (2.5 
W) plasma enhanced depositions are 20% faster in this temperature range. By increasing 
the plasma power to 20 W, an additional 10% growth rate increase is obtained. 
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Figure 11: Cross-sectional schematic of PECVD epitaxial silicon reaction chamber (87). 
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Figure 12: Arrhenius plots of <100> growth rates with and without plasma enhance- 
ment (PECVD and CVD, respectively) (88). 


A predeposition in-situ cleaning of the substrate surface to remove the native silicon 
dioxide was found essential for achieving epitaxial growth. Surface cleaning was done by 
sputtering the wafer in a 5-W argon plasma at deposition temperature for 8-16 min with 
a negative dc bias of 100 V applied to the susceptor (87,89). Lightly doped epitaxial 
layers deposited on heavily doped silicon substrates by this technique exhibit extremely 
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abrupt dopant concentration profiles (85). PECVD also makes possible the in-situ in- 
corporation of large quantities of arsenic (> 10'%cm~3) in the epitaxial layer without de- 
grading film growth rate and morphology (90). 


10.8.2 Gallium Arsenide 


Several groups have also reported the plasma-enhanced, metal organic CVD 
(PE-MOCVD) of epitaxial GaAs films (11,12,91-94). Remote plasma configurations are 
typically used, in which the plasma is confined to a region and separated some distance 
from the substrate downstream. In these remote plasmas, the growth rate is very sensitive 
to the distance separating the plasma and the substrate, decreasing as the distance in- 
creases. The epitaxial growth rate has also been found to increase with rf power and with 
substrate temperature. The apparent activation cnergy from Arrhcnius plots is about 
13-14 kcal/mole. 


10.9 PECVD OF REFRACTORY METALS AND THEIR SILICIDES 


Refractory metals and their silicides are compatible with high temperature IC proc- 
essing and have relatively high conductivities (metals: ~5uQ —cm, silicides: 16-40 
uQ —cm(95,96)). Consequently, they are attractive as gate, interconnection, and contact 
metallization materials in VLSI circuits. These materials can be deposited by physical 
vapor deposition (PVD) methods such as evaporation (97) and sputtering (98), by 
chemical vapor deposition ( CVD) (99), and by PECVD. 


10.9.1 Refractory Metals 


Tungsten (W) films have been deposited in a radial-flow, parallel plate reactor with 
rf (4.5 MHz) excitation using tungsten hexafluoride (WF,) and H, (100,101). Hydrogen 
was used to scavenge fluorine species, which otherwise etch the tungsten film being de- 
posited. Deposition rates of about 40A/ min were obtained at a substrate temperature 
of 350°C, operating pressure of 0.2 Torr, and rf power density of 0.06 W/cm. Auger 
studies indicated that silicon and oxygen were present in the films. The silicon contam- 
ination may have come from silicon tetrafluoride (SiF,) in the WF, source gas. XPS 
measurements indicated that the as-deposited (350°C) films have ~1.1 — 1.5 at. % 
flourine, which drops to ~0.5 at. % after heat treatments (> 650°C) in forming gas (23). 
Film resistivity was sensitive to the H,/WF, ratio in the ambient, with higher ratios 
yielding lower resistivities. This is probably because the scavenging of fluorine becomes 
more effective at higher hydrogen concentrations, and lowers the fluorine contamination 
in the deposited film. The resistivity of as-deposited films decreased with increasing de- 
position temperature (probably because of larger grains and/or lower defect concen- 
trations), increasing rf power, and decreasing rf frequency and pressure (23). The 
resistivity also decreased with post-deposition heat treatments, presumably because of 
outdiffusion of contaminants (e.g., fluorine), annealing of radiation-induced defects cre- 
ated during deposition, or increases in the size of the grains. Films deposited at 400°C 
and subsequently annealed at 1100°C for 30 min had their resistivities lowered from 40 
uQ — cm to 72Q —cm. 


PECVD molybdenum (Mo) films have been deposited from molybdenum 
hexafluoride (MoF,) and H, (100,101). These films were heavily contaminated with 
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fluorine (= 15 at. %) and had high resistivities (> 10-22 —cm for a 0.3- m-thick film). 
Molybdenum films have also been deposited from molybdenum hexacarbonyl 
{[Mo(CO),] in a de discharge onto the cathode of a parallel plate system, but these films 
contained 20 to 30 wt % carbon (102). A more successful attempt used molybdenum 
pentachloride (MoCI;) diluted in H, at a pressure of 1 Torr and temperatures of 170 to 
430°C (13,99). The as-deposited Mo films were amorphous, but crystallized after high 
temperature annealing. Auger analysis indicated the presence of chlorine and oxygen in 
the as-deposited films. The chlorine concentration in the films decreased after post- 
deposition heat treatments. The resistivity of as-deposited films decreased with increasing 
deposition temperature, probably because the incorporation of unreacted chloride in the 
film decreased with increasing temperatures. The resistivity of these films decreased sig- 
nificantly after a post-deposition annealing at 800°C for 20 min in nitrogen, presumably 
because of crystallization of the films and/or outdiffusion of chlorine. The lowest 
resistivity obtained for Mo films, after annealing, was ~10u02 —cm. 


Although the high conductivities of refractory metals are desirable for gate and inter- 
connection applications, these materials are chemically unstable in oxidizing ambients 
(95). Consequently, the silicides of these metals have been used, although their 
resistivities are an order of magnitude higher than those of the refractory metals. PECVD 
has been used to deposit silicides of molybdenum, tungsten, tantalum, and titanium. 


10.9.2 Refractory Metal Silicides 


Mo-silicide films were obtained by adding SiH, diluted in argon to the MoCl;/H, 
plasma discussed above (13). The film composition was controlled by adjusting the 
composition of the gas ambient. The resistivity of as-deposited films increased with in- 
creasing SiH, flow rate, possibly because of a decrease in the Mo content of the film. The 
resistivity of these films also increased with increasing hydrogen flow rate, presumably 
because of a higher concentration of unreacted chloride in the film. The as-deposited 
films were amorphous and crystallized into the hexagonal structure after a post-deposition 
annealing in nitrogen at 1000°C for 20 min. It was proposed that chlorine atoms segre- 
gated in the grain boundaries prevented the hexagonal structure from changing to the 
tetragonal structure associated with sputtered and CVD MoSi, (99). As-deposited 
(400°C) PECVD resistivities are ~800p0 —cm (13). 


Tungsten silicides (W,Si;_,) have been deposited in a parallel-plate reactor with rf 
(13.56 MHz) excitation using WF, and SiH, diluted in helium (103). Deposition rates 
were about 550 to 600 A/ min at a substrate temperature of 230°C, and an operating 
pressure between 0.5 and 0.7 Torr. The atomic ratio of W/Si in the film was controlled 
by the WF,/SiH, ratio in the gas ambient. The resistivity of the films decreased with 
post-deposition heat treatments. This is particularly interesting because the W,Si,_, films 
with x < 0.45 were amorphous both as deposited and after a post-deposition annealing 
at 1100°C for 60 min in nitrogen. Therefore, the decrease in resistivity upon annealing 
was attributcd to outdiffusion of F and H, presumably present in the as-deposited films, 
and not to the crystallization of the films. The lowest resistivity obtained with these films, 
after annealing, was about 40 #2 —cm. 


Tantalum-silicide films have been deposited by reacting tantalum pentachloride 
(TaCl;) and SiH,Cl, in a hydrogen ambient (104). The films were deposited at 1.38 Torr 
using an inductive-coupled rf (600 kHz or 3.5 MHz) glow discharge. Films deposited at 
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temperatures below 540°C were amorphous, while those deposited at temperatures above 
580°C were crystalline and had a resistivity of 70u92 —cm. The film thicknesses were 
about 2000 to 5000 A. After annealing at 900°C for 1 hour in an argon ambient, the 
resistivity decreased to 55 uQ —cm. 


Titanium-silicide films have been obtained by reacting titanium tetrachloride (TiCL,) 
and SiH, in an argon plasma (105). The depositions were carried out in a hot-wall, 
parallel-plate, 300 kHz plasma reactor at 1 Torr and temperatures of 300 and 350°C. 
The film composition was very sensitive to gas-phase composition. The as-deposited films 
were amorphous, but crystallized after a 750°C anneal for 1 hour to yield a resistivity of 
20 uQ —cm. 


Titanium-silicide films have also been deposited in a PECVD system similar to that 
shown in Fig. 9 but with a modified version of the boat assembly to prevent arcing (106). 
The rf generator operates at 50 kHz. Deposition rates of 60 to 80 A/ min are obtained 
with an rf power of about 100 watts and deposition temperatures of 300 to 500°C. The 
reactants are SiH, and TiCl, diluted in argon. The as-deposited films are amorphous, but 
crystallize upon sintering above 600°C. Resistivities as low as 20 u& —cm were obtained 
after annealing at 650°C for 5 min. In depositions carried out at 450°C and 1.75 Torr, 
TiSi, layers with different silicon compositions were obtained (107). The silicon content 
was varied from x = 1.1 to 2.0 by varying the TiCl,/SiH, flow rate ratio from 0.23 to 
0.09. 


10.10 PECVD OF DIAMOND FILMS 


The high thermal conductivity, transparency, hardness, and high-temperature semi- 
conductor properties of diamond make it an attractive material for many possible appli- 
cations. Consequently, the low-pressure, low-temperature growth of crystals and thin 
films of diamond has been the subject of intense research recently (15,16). PECVD 
techniques are being investigated because a critical issue with this material is the need for 
lower temperature deposition techniques. 


Diamond films have been deposited at pressures of 1-50 Torr, substrate temperatures 
above 700°C, and relatively high (>500 W) rf powers (15,16). Arc, dc, rf, and micro- 
wave discharges have been utilized. Methane/hydrogen mixtures are typically used, and 
growth rates are approximately 1-20 um/hour. This material technology is in its infancy, 
and it is growing at a very fast pace. 


10.11 OTHER PLASMA DEPOSITION CONFIGURATIONS 


Microwave multipolar plasmas (MMP) are 2.45 GHz glow discharges confined by 
multipolar magnetic fields. The main differences between MMP’s and the conventional 
plasmas discussed here are: (i) in MMP’s, plasma excitation and plasma-surface inter- 
actions are decoupled, and (ii) there is no self-bias in MMPs, and the substrate bias and 
ion bombardment energies can be controlled independently. The microwave excitation 
can be applied in three ways: (i) localized electron cyclotron resonance, (ii) surface wave, 
and (iii) distributed electron cyclotron resonance (DECR). The latter (DECR) appears 
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to be the most technologically promising. Silicon epitaxial layers have been deposited by 
DECR excitation at temperatures as low as 400°C (108). 


Magnetically enhanced plasma deposition is another configuration in which a magnet 
is added to confine the electrons near the electrode thereby increasing the rate of electron 
dissociation collisions with molecules. As a result, a glow discharge can be maintained at 
pressures in the 1-10 mTorr range. Silicon oxide, silicon nitride, and silicon oxynitride 
films have been deposited by this technique, as well as other inorganic and organic films 
(109). 


Afterglow CVD is a remote plasma technique that provides independent control of 
the generation of active species and the reaction chemistry. In the afterglow technique, 
only certain desired species are excited by the glow discharge. These are then transported 
to the vicinity of the wafer where the desired deposition reactions take place. The 
afterglow technique does not require the wafer to be exposed to the plasma discharge 
environment. Furthermore, it allows independent optimization of plasma, afterglow, and 
wafer parameters. This technology is presently being used to deposit silicon oxide films 
(110). 


10.12 SUMMARY 


This chapter discussed the plasma enhanced chemical vapor deposition technique as 
applied to thin films for microelectronic applications. In particular, fundamental aspects 
of nonequilibrium glow discharges were reviewed, as well as the voltage distribution in rf 
plasma systems. A qualitative model for PECVD was presented, and commercial PECVD 
systems were briefly reviewed. The PECVD of films of present commercial importance, 
such as silicon nitride and silicon oxide, was discussed. The state-of-the-art in the devel- 
opment of the PECVD of films such as polycrystalline silicon, epitaxial silicon and gallium 
arsenide, refractory metals and their silicides, and diamond, was also discussed. PECVD 
will continue to be the preferred commercial technique for the low temperature deposition 
of silicon nitride and oxide films, and is showing great promise for the deposition of 
semiconductor and conductor films. 
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Electron Cyclotron Resonance Microwave 


Discharges For Etching and 
Thin Film Deposition 


Jes Asmussen 


A recent, important development in low pressure and low temperature plasma proc- 
essing is the microwave clectron cyclotron resonance (ECR) discharge. Its lack of 
electrodes and its ability to create high densities of charged and excited species at low 
pressures (< 10-4Torr) make it an attractive processing discharge in etching and thin film 
deposition applications. This paper reviews the basic physics of ECR discharges and re- 
views the associated microwave system and applicator technologies. Waveguide and cav- 
ity ECR applicators are compared and are described in detail. Several ECR plasma 
processing reactors are also described. Methods of processing large surfaces are outlined 
and typical experimentally measured ECR discharge characteristics are also presented. 


11.1 INTRODUCTION 


Microwave discharges have experienced intense interest and use in recent years. 
Their electrodeless nature together with their ability to create high densities of excited and 
charged species have made both high pressure and low pressure microwave discharges an 
attractive technology for many plasma processing applications. By using the appropriate 
microwave applicators, microwave discharges can be efficiently created and maintained 
from pressures above several atmospheres (1-3) to sub-mTorr pressures (4-14) resulting 
in high pressure discharges with high temperatures (> 1000K) for thermal processing 
applications, and low temperature and low pressure discharges for applications such as 
thin film deposition and etching. Recent and notable experiments which demonstrate di- 
amond thin film growth in a microwave discharge (15) utilize discharge pressures of 
1-100 Torr. These discharge applications lie in the transition between a purely thermal 
and low temperature discharge. 


An important development in low pressure and low temperature microwave plasma 
processing is the electron cyclotron resonance (ECR) discharge. This technology, bor- 
rowed from fusion (16) and electric propulsion (17) plasmas and modified for the re- 
quirements of plasma processing (4,5,8-13) can create a variety of low pressure (< 0.5 
Torr) discharges. As the name ECR suggests, microwave energy is coupled to the natural 
resonant frequency of the electron gas in the presence of a static magnetic field. This 
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resonant frequency occurs when the electron cyclotron frequency equals the excitation 
frequency. The cyclotron frequency is found as: 


ce = Th, (1) 


where e is charge on an electron, B is the strength of the static magnetic field, and m, is 
the electron mass. In an actual discharge, this condition can be satisfied in a volume or 
surface layer within the discharge where the static magnetic field strength is adjusted to 
resonance, i.e. © = Ws and a component of electric field is perpendicular to the static 
magnetic field. The electrons are accelerated in this ECR volume and in turn ionize and 
excite the neutral gas. The result is a low pressure, almost collisionless, plasma which can 
be varied from a weakly to a highly ionized state by changing discharge pressure, gas flow 
rates and input microwave power. The electrodeless and noncollisional heating nature 
of the discharge together with the availability of well established, low cost microwave 
power supplies make ECR plasma sources attractive for many plasma processing appli- 
cations. 


This chapter reviews the basic principles of ECR microwave discharge formation first 
by describing the physics of coupling microwave energy into the discharge and then 
briefly describes microwave system and applicator technology. ECR waveguide and 
cavity applicators are described and several ECR plasma reactor geometries used in 
etching and film deposition are reviewed. Finally measured characteristics of ECR dis- 
charges are presented. 


11.2 ENERGY COUPLING AND POWER BALANCE IN STEADY STATE MICROWAVE 
DISCHARGES 


A diagram of a generic microwave discharge configuration is shown in Fig. 1. The 
discharge occupies a finite volume, VL, and is bounded by the discharge container walls . 
In practice the walls are made from a microwave transparent material such as quartz or 
are conducting waveguide walls. The discharge enclosure may also have an opening 
which allows the excited species and charged particles to diffuse out of the active dis- 
charge into a processing zone. An arbitrary discharge volume is composed of at least 
three interpenetrating gases, i.e. electron, ion, and neutral gases. A steady time inde- 
pendent density of neutrals, electrons and ions exists at each point within the discharge 
volume. In Fig. 1 the steady-state electron density is denoted as Neo(t) where the r de- 
pendence emphasizes that the density is a function of position within the discharge. 


The time and spatially varying microwave electric field, E(r)ei*t , Which maintains the 
discharge of Fig. 1, is represented by a dashed line. In general this electric field penetrates 
the discharge and may have a nonzero value at each point inside the discharge volume. 
A static but spatially varying magnetic field is also impressed on the discharge volume and 
in Fig. 1 is displayed as the solid field lines drawn in the shape of a magnetic mirror. ECR 
layers, which are the thin volumes in the discharge where w = w.e, are displayed as the 
solid, curved lines. 
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Figure 1: A generic microwave discharge immersed in an electromagnetic field and static 
magnetic field. The circle encloses an arbitrary differential volume dV, . 


A steady-state microwave discharge is characterized by the equality between the 
electromagnetic power absorbed by the plasma, P, and the power losses, Pios» in the 
plasma volume. Expressed as an equation 


Pa = Pioss (2) 


The left hand term represents the total power delivered to the plasma by the 
electromagnetic field. The power absorbed in a unit volume is a function of position, and 
thus absorbed power per differential volume is expressed as 


<P> C) = 1/2 Re EG) G)EG)®] 6) 


where the discharge complex tensor conductivity ¢ (r) and the electric field E(t) are 
functions of position r in the plasma and <P>.,,(1) has units of power density. 


For any differential plasma volume the power input, i.e. equation (3), must equal the 
power loss, i.e., 
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<P>aps(t) = <P>iogg(F) (4) 


where <PDioss(T) is the power lost per differential volume at position r. Integrating over 
the entire plasma volume yields 


Poa f <P> EAV, = f <P>iess(f AVL = Pros 5) 
VL VL 


which is, of course, equation (2). 


An understanding of the microwave discharge energy absorption and the discharge 
loss processes can be obtained by investigating the left and right hand sides of equation 
(5). Considering first the absorption process Eq. (3) includes the microwave energy 
absorption by both the electron and ion gases. However since the work done on a charged 
particle by an electric field between collisions varies inversely as the particle mass, the 
energy imparted to an electron is much greater than the energy imparted to an ion. 
Therefore direct energy transfer from the field to the ions usually can be neglected (ex- 
cept for ion cyclotron heating) and electromagnetic energy transfer to the discharge takes 
place through Joule (elastic and inelastic collisional heating) and electron cyclotron heat- 
ing of the electron gas. 


The heating and the energy interchange processes for a small differential volume are 
shown in Fig. 2. Since direct ion gas heating can be neglected for most plasma processing 
applications dashed lines are shown between the electric energy source and the ion gas. 
As shown, the electron gas is heated directly by the electric fields and in turn the heated 
electron gas transfers its energy to the neutral and ion gases by elastic and inelastic col- 
lisions. The neutral and ion gases thus become heated from these electron gas interactions 
and interchange energy by elastic ion-neutral collisions and transfer energy to the walls 
by heat conduction and convection. 


Referring again to Fig. 2 the power lost per differential volume by the electron gas can 
be expressed in terms of the removal of energy per unit time from the electron gas by 
conduction and convection and by elastic and inelastic collisions. That is, per unit volume 
at position r within the discharge 


<P>ps(r)= (elastic collision losses) + (inelastic collision losses) 
+ (conduction and convection losses) 


In equation form (neglecting electron heat conduction) 


SKT, ) D, 2m, ) 3k 
2 2 


<P> ioss(t) = [¢ (T.—T,) + 


+ menk a 
A2 M, 


eVpi + SeVexjrexl Neol) (6) 
j 
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where D, = the ambipolar diffusion coefficients, T, = the electron temperature, T,= the 
neutral gas temperature, k = Boltzman’s constant, A= discharge diffusion length, M, = 
mass of the neutral atoms, v; = ionization frequency, vmen = Collison frequency for mo- 
mentum transfer, vej = the jth excitation frequency, V; = the ionization potential and 
Vex = the excitation potential. 
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Figure 2: Microwave energy transfer in a weakly ionized gas. Energy coupling is shown 
for the arbitrary differential volume circled in Figure 1. 


Integrating Eq. (6 ) over the entire discharge volume V, yields the total power loss in 
the discharge. Thus it is apparent that discharge losses depend upon discharge geometry, 
pressure, gas type and the electron density. Since in the steady-state 
<P>poss(r) = <P>s(r), the electric field required to sustain a discharge is dependent 
on many different experimental variables and in practice can vary over several orders of 
magnitude as pressure, gas type, flow rate, etc. are varied. Thus a versatile microwave 
discharge system must be be able to adjust the impressed electric field for a wide range 
of experimental conditions. This has an important impact on the design of microwave 
power supplies and applicators. 
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11.3 MICROWAVE ENERGY COUPLING VS PRESSURE IN A UNIFORM MAGNETIC 
FIELD GRADIENT 


Equation (3) can be written entirely in terms of power absorbed by the electron gas 
(18). Thus in the absence of a static magnetic field the time average absorbed power 
density is given by 


N. G )e? 2 i 
eoe Be)? 1) 


Meve opr 


<P>aps(t )= 


where Neo(T) = the time independent electron density, |E(r)| = thc magnitude of the 
electric field, and », = the effective collision frequency for electrons. This expression of- 
ten is written in terms of an effective electric field, i.e. 


Neo(t Je” 


my heel” (8) 


<P>apst) = 


Er 
where |E,| = Ol r = effective electric field . 


v2 V¥ v2 + wo 


If a static magnetic field is present the power absorption includes the ECR heating 
process. Considering only the simple case of when the time varying electric field is per- 
pendicular to the static magnetic field, the time average power density absorbed by the 
electron gas is 


pen: 
i N olr jey, 1 1 ~ 
<P>) = — 5 lS zt- z E®)I? (9) 
Me Ye + (w — Wee) Ve + (w + Wee) 
The effective electric field is now defined as 
2 
v, 1 1 = 
BI = >l + 5 = EG) I? (10) 
ve + (w — ws) va + (w + Wee) 


Specifics of the microwave energy absorption can be understood by examining the 
process in a simple example gas such as helium. The effective collision frequency at 300 
K for helium is given by (18) v, = 2.3x10° p where p = pressure in Torr. Investigating 
first the zero magnetic field case, when density and electric field are held constant, Eq.(7) 
has a maximum, when w = »,. Good microwave energy coupling is directly related to a 
synchronization between the combined electron-neutral and electron-ion collision proc- 
esses and the exciting frequency w. Thus good microwave energy coupling is discharge 
pressure dependent. For a 2.45 GHz excitation frequency maximum power absorption 
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in helium occurs at approximately seven Torr and discharge pressures of 5-10 Torr pro- 
vide efficient coupling of microwave energy into a helium discharge. Generalizing this 
result to other gases with different elastic collision cross sections and accounting for the 
influence of the discharge walls, the optimum pressure range for efficient discharge 
breakdown and maintenance with 2.45 GHz microwave energy usually occurs between 
0.5-10 Torr (19). 


At very low pressure of < 100mTorr the mean free path of electron-neutral and 
electron-ion collision becomes very long, ve < < w and Eq. (7) becomes 


Neole? ve 


<P>aps(t) = [= PEG)? (11) 


2m,v, w 
High electric fields are required to sustain the discharge since <P> osc) increases as 
pressure is reduced. In order to produce the required high electric fields, high incident 
microwave powers and/or high Q applicators are necessary and therefore it becomes 
difficult to maintain a discharge at low pressures. However, the presence of an ECR static 
magnetic field simplifies discharge maintenance (7) below pressures of 20 mTorr. 


The influence of an impressed static magnetic field on the energy coupling process can 
be observed from Eq. (9). At low pressures v, < < w and Eq. (9) has a pole at w = we, 
indicating high power absorption even for every low impressed electric fields. This can 
be viewed as an increase in the effective electric field at resonance (20). Physically at 
electron cyclotron resonance the electron velocity perpendicular to the static magnetic 
increases, as shown in Fig. 3, resulting in an outward, spiralling motion along a magnetic 
field line. The electron gains energy proportional to the square of time, and in a typical 
discharge the radius of the electron orbit is limited by an elastic or inelastic collision, a 
collision with the walls or the electron moving out of the ECR region. Lax, et al. (20) 
have shown that in the presence of collisions, but with v, < < w, the encrgy gain by an 
ECR accelerated electron between collisions is inversely proportional to ve Thus at low 
pressures even low electric fields can couple large amounts of energy to the electron gas. 


A further examination of Eq. (9) reveals the effect of pressure on ECR coupling. It 
is observed that as pressure increases v, > w = œc and the absorbed power density is 
equal to Eq. (7). Thus at higher pressures the energy absorption process again becomes 
collisional and the magnetic field has little influence on heating the electron gas. As 
pressure increases the transition between purely ECR heating and collisional heating is 
gradual and in helium gas takes place between 0.5 and 3 Torr. ECR heating at 2.45 GHz 
is not useful above 3 Torr unless the gas temperature is much higher than 300 K. Thus 
it is clear that ECR is a coupling technique for low pressure discharges where the electrons 
can orbit many times between elastic and inelastic collisions. 
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Figure 3: Electron motion in a static magnetic field (a) when the electric field is zero and 


(b) when E = E, et where w = w.e and E, +B 


11.4 MICROWAVE ENERGY COUPLING IN A NONUNIFORM STATIC MAGNETIC 
FIELD 


In practice ECR discharges make use of a nonuniform static magnetic field. This 
magnetic field is usually mirror-like or cusp-like and is produced by magnetic coils (4,5) 
or permanent magnets (7,8). In the absence of an accelerating electric field the motion 
of an electron in such a magnetic field is well known and is shown as the solid trajectory 
in Fig. 4(a). When moving into a magnetic mirror a charged particle will spiral with ever 
decreasing transverse orbits into the converging field until it is reflected. It then reverses 
direction and spirals out of the mirror with increasing orbits. The radii of these orbiting 
trajectories are small for a typical electron. For example, a 4 eV electron will have a ra- 
dius of gyration of 0.05 mm in a 875-G field. 


If a transverse, time varying microwave electric field is present in the mirror, ECR 
acceleration of the electron takes place when the electron passes through a region where 
w = Wee. This accelerating region is usually very thin (often less than one mm thick) and 
is referred to as an ECR surface or layer shown as the shaded region of Fig. 4(b). If the 
electron is outside this region, as Eq. (9) indicates, little microwave energy is coupled to 
the electron. However, an average electron can experience many oscillations of electric 
field during the time it spends in the ECR layer. Thus at low pressure considerable energy 
can be imparted to electrons in this layer with only a small electric field (10-100v/cm). 
Writing Eq (5) for a low pressure ECR discharge yields: 
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P, = fy, <P>ars(t)dv = Sy, _y,..<P>ans(r)dv + 


Vecr 


f <P>aps(t dv = af <P>ape(t )dv (12) 
R 


VECR Vec 


where Vecr = the volume of the ECR layer. As described by Eq. (12) when ve < < w 
collisional energy coupling throughout the discharge volume can be ignored and micro- 
wave energy transfer occurs within the ECR volume. Since the ECR coupling takes place 
within small, thin volumes, energy coupling occurs with high power densities. This ECR 
layer, which serves the function of a hot cathode filament in dc discharges, provides the 
high energy electrons required to sustain the discharge at low pressures. 


Figure 4: Electron motion 
in a mirror-like static mag- 
netic field (a) without an ac- 
celerating electric field (b) 
with a perpendicular electric 


field Est where the 
shaded region represents the 
ECR layer. 


Upon leaving the ECR zone the accelerated electrons possess energies usually greater 
than 10 eV. They move through the discharge volume and excite, dissociate, and ionize 
neutrals and ions. Because of these high energy electrons and because of an ECR accel- 
eration process that tends to favor higher energy electrons, it is expected the ECR dis- 
charges will have a non-Maxawellian electron energy distribution. The shape of the 
distribution will be dependent upon the intensity of the electric field and the location, 
shape, thickness, and total volume of the ECR layer in the discharge. Thus it appears that 
it may be possible to "engineer" the electron distribution in ECR discharges. Knowledge 
of how electrons are accelerated in the ECR layer is essential to understanding the ECR 
discharge. However, in most plasma processing applications high energy electrons and 
multiply charged species are not desired (as they may be in certain ion source applications 
(14)). Thus a careful management of electron acceleration is important. 


11.5 MICROWAVE SYSTEM CONSIDERATIONS 


ECR discharges are often required to operate with different gases, variable gas mix- 
tures and flow rates over a wide range of operating (10-5 to over 0.1 Torr). Thus the 
microwave discharge system must be adaptable for many different experimental condi- 
tions and should be able to efficiently produce a stable, repeatable and controllable dis- 
charge for many experimental situations including discharge start up and adjustment for 
final processing operation. Further, considering that the ECR system will be placed in 
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an industrial setting, it must be able to be operated as part of a larger production facility. 
Thus the ECR system must be adaptable to automatic control without the need of a highly 
trained microwave engineer. These design requirements have an impact upon the entire 
microwave system and thus some basic considerations of microwave ECR systems are 
reviewed. 


A generic microwave plasma processing system and its equivalent circuit are shown 
in Fig. 5. It consists of several interconnected components: (1) a power source, usually 
a constant frequency but variable power microwave oscillator, (2) transmission lines, of- 
ten waveguide or coaxial cable, (3) a microwave applicator, and (4) the microwave 
plasma load. An example experimental microwave system is displayed in Fig. 6. It con- 
sists of a variable power 2.45 GHz, CW microwave power source, circulator and matched 
dummy load, directional couplers, attenuators and power meters that measure incident 
power P; and reflected power, P,, and the microwave applicator and plasma load. The 
microwave power coupled into the plasma loaded applicator is given by P, = P; — P, . 
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Figure 5: Generic microwave processing system and its equivalent circuit. 


An efficient plasma processing system is designed for maximum power transfer be- 
tween the microwave oscillator and the plasma-loaded applicator. This occurs when the 
output admittance of the microwave oscillator Y, (See Fig. 5) and the input admittance 
of the plasma loaded applicator Yin are equal to the transmission line characteristic 
admittance Y, . 


The power coupled into the applicator P, divides itself between the power absorbed 
in the conducting applicator walls P,, and the power delivered to the discharge load P, ; 
ie. P, = P, + P}. These two quantities can be related to the applicator fields, the intrinsic 
resistance R of the applicator walls, the discharge volume and the complex conductivity 
of the discharge. The exact division of the power P, between the walls and the discharge 
load depends on the relative losses in the discharge versus the losses in the applicator 
walls. Applicator design should attempt to minimize P,, for all operating conditions. 
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Figure 6: Example experimental microwave system. 


A major difficulty in the design of a microwave ECR system is the variable, nonlinear 
often reactive discharge load. As shown in Sect. 11.2, this load depends on many differ- 
ent experimental conditions such as gas type, mix and flow rate, discharge pressure, etc. 
At present ECR discharge models can not accurately predict discharge impedance and 
hence cannot aid in the design process. In addition, similar to lower frequency rf dis- 
charges, the applicator/discharge possesses stable and unstable operating conditions 
(21-24). These must be accounted for and understood (25). Finally from efficiency 
considerations it is desirable to match (tightly couple) the microwave oscillator to the 
plasma load. However, under matched conditions the variable plasma load may cause the 
power oscillator frequency and output power to vary resulting in further system instabili- 
ties. Thus it is often desirable to electrically separate the microwave power oscillator and 
the plasma load with a circulator as shown in Fig. 6. 


While ECR processing technology must still be considered in the development stage 
certain desirable system features are apparent. These are as follows: 


1. a well filtered, variable power but constant frequency microwave power supply; 


2. the use of a circulator to allow the oscillator to work into a matched load independ- 
ent of discharge variations; this circulator also protects the oscillator from large re- 
flected power conditions that may occur from an unmatched applicator; 


296 Handbook of Plasma Processing Technology 


the ability to accurately measure incident and reflected power; 


4. a variable, automatic method of matching the applicator/discharge for the numerous 
discharge conditions that may occur; 


5. amicrowave system and applicator/discharge designed to facilitate maintenance. 
11.6 FUNDAMENTAL ECR APPLICATOR CONFIGURATIONS 


The microwave applicator performs several functions in a specific plasma processing 
application. These are: (a) to impedance match and focus the microwave energy into the 
discharge, (b) to efficiently produce high densities of excited and charged species, (c) to 
produce controllable and uniform densities of excited and charged species over a desired 
processing area (usually 10 to 30 centimeters in diameter) and (d) to process (etch, de- 
posit, etc.) without producing material damage to the product. Several typical conven- 
tional applicator types are displayed in Fig. 7. As shown, they are nonresonant 
waveguide, single mode and multimode resonant cavities and are specially designed 
surface-wave applicators. 


At low pressures a high Q applicator is required unless an ECR layer exists within the 
discharge. The ECR layer provides good, stable discharge coupling with low electric 
fields reducing the required circuit Q and simplifying the coupling and matching of the 
discharge. Thus even waveguide applicators can sustain a low pressure ECR discharge. 
However if coupling efficiency and operation over a wide pressure and power range are 
desired the waveguide applicators are often supplemented by additional external matching 
(external to the applicator) stubs or screw tuners, These external matching devices 
produce a standing wave between the discharge and the tuner increasing coupling to the 
discharge and reducing the reflected power. Thus the applicator and matching network 
together become a resonant, cavity-like applicator. Under these conditions ECR cavity 
applicators (7,8,13,26) have advantages over ECR waveguide applicators. Internally 
tuned resonant cavities excited at 2.45 GHz are able to create well matched (P,=0) dis- 
charges with high densities over a wide range of input powers (100-1500W) and can even 
operate without ECR at higher pressures (1-3). 


ECR applicators can be divided into two groups (a) waveguide applicators and (b) 
cavity applicators and ECR magnetic field configurations can be grouped into mirror and 
multicusp geometries. Each of these is briefly reviewed below. 
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Figure 7: Types of applicators. 
11.6.1 Waveguide Applicators 


Typical examples of ECR waveguide applicators are displayed as the waveguide 
applicator (27) shown in Fig. 7 and the two applicators (28,29) shown in Fig. 8. Al- 
though often described as distinctly different and unique discharge configurations (and 
sometimes even described as a cavity), they are the same basic discharge configuration. 
In each, electromagnetic energy is coupled into the discharge zone from a standard rec- 
tangular or circular waveguide excited by an incident, electromagnetic wave. The dis- 
charge, which is located at the end of the waveguide, is defined by either a 4-9 cm 
diameter quartz tube or a waveguide window and surrounding, cylindrical metal enclo- 
sure. Process gases are fed radially into the discharge zone, and after microwave 
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excitation the ionized and excited neutral species pass out the open end of the discharge 
zone into a plasma processing region. 
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Figure 8: Examples of waveguide, magnetic mirror ECR applicators used in (a) etching 
(5,28) and (b) low temperature chemical vapor deposition (29). 


The applicator discharge zone is surrounded by one or more coils which produce an 
axial, mirror-like magnetic field. With the proper current bias and coil spacing the mag- 
netic field can be adjusted to produce an axially variable 875-G ECR layer across the 
discharge cross section. This surface which is clearly displayed in Fig. 7 is a zone of in- 
tense electron acceleration. The axial magnetic field strength is adjusted so that the 
magnitude is the greatest at the microwave input end and decreases vs axial position to- 
ward the discharge output. This magnetic field geometry, often called a magnetic beach, 
positions the intense ECR surface away from waveguide windows or other coupling sur- 
faces. These applicators can be used with external matching networks and a variable ECR 
surface to provide improved coupling over many pressure and input power conditions. 


This type of ECR/magnetic mirror-like waveguide applicator produces a neutralized 
beam of electrons and ions and was originally investigated as an electric space engine 
(17). The ECR accelerated electrons immediately experience a longitudinal force due to 
the diverging magnetic field. Thus electrons are pushed out of the high magnetic field 
region and as they pass into the low magnetic field regions their transverse kinetic energy 
is converted into longitudinal kinetic energy. In the steady state ions are attracted to the 
electrons by Coulomb forces and hence are also accelerated out of the discharge with the 
electrons. Thus a neutralized beam of electron-ion pairs flows out of the diverging mag- 
netic field and impinges on the substrate. This beam may or may not be useful depending 
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upon the application. Recently (30) it has been shown that the directed ion energy can 
be influenced by the magnetic field gradient. Apparently ECR discharges with different 
field gradients will produce ion beams with different energies. 


11.6.2. Cavity Applicators 


An alternate ECR discharge configuration (6-8,12,13,31-35) called the microwave 
plasma disk reactor (MPDR), utilizes a tunable microwave cavity and a radially 
inhomogenous multicusp magnetic field to couple microwave energy into the discharge. 
It is designed to create a cylindrical disk discharge zone which occupies only a fraction 
of the cavity volume but provides a large surface for ion extraction or plasma processing 
(7). The reactor concept can be configured to operate at very low pressures with ECR 
rare earth magnets or at moderate to high pressures (10 mTorr - 500 Torr) without mag- 
nets. It is the low pressure ECR configuration that is described here. 


An example of a 10 cm prototype plasma/ion source is displayed in Figs. 9 and 10. 
It consists of a 17.8 cm i.d. brass cylinder [1] forming the outer conducting shell of the 
cavity applicator. The sliding short [2], the water-cooled, removable end-plate 
[3a and 3b] and the cylinder [1] form the cavity excitation zone. A disk-shaped quartz 
tube [4] confines the working gas to region [5] where the microwave fields produce a 
disk-shaped plasma adjacent to a screen [8]. The input gas is introduced into the dis- 
charge region [5] through eight pin hole openings (not shown) in the annular ring [6] and 
the gas feed tube [7]. 
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Figure 9: Cross sectional view of cavity ECR applicator. 
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A screened port [9] is cut in the cavity sidewall for viewing the discharge. Microwave 
power is coupled into the cavity through a coaxial input port [11] via the length-adjustable 
coaxial input probe [12]. Four threaded bolts [14] firmly hold the end plate [3b] onto the 
cylinder [1] during cavity excitation. 


Figure 10: Additional cross 
sectional views of cavity 
ECR applicator. (a) cross- 
sectional view of plane (b) 
of Fig. 9 and (b) enlarged 
cross-sectonal view of the 
discharge region. 


The end plate consists of two separate pieces bolted tightly together. The piece [3a] 
adjacent to the interior of the cavity is made from brass, while the piece [3b], which is 
exposed to the discharge and the downstream vacuum, is machined from nonmagnetic 
stainless steel. As shown in Fig. 10 these two cylindrical pieces enclose sixteen 2.54 x 
2.54 x 1 cm magnets [15]. Eight pairs of magnets [15] are equally spaced on a circle 
around and adjacent to the radial gas feed ring [6] and quartz discharge chamber [4]. The 
magnet pairs are arranged on a soft iron keeper [16] with alternate poles forming a 
multicusp, octapole, static magnetic field across a radial plane as shown in the cross- 
sectional view of Fig. 10. The magnetic field strength produced by these magnets is zero 
at the center and increases in the radial direction. Each magnet pole pair produces a 
pole-face maximum field strength of approximately 3 kG which is well in excess of the 
875-G required for ECR at the cavity excitation frequency of 2.45 GHz. The strength 
and position of these magnet pairs produces a radial magnetic field surface in excess of 
875-G approximately | cm inside the discharge zone and thus, as shown in Fig. 10, results 
in an undulating three-dimensional radial ECR surface inside the quartz chamber. The 
keeper [16] has an L-shaped cross section and is placed on the outer radius and under the 
magnet pairs, reducing the fringing static magnetic field in the plasma processing zone. 


The cavity excitation region is defined by the brass cylinder [1] , the sliding short [2] 
and the end-plate [3] and during ignition the screcn [8] or during opcration the discharge 
which forms in the volume [5]. The cavity can be single mode (TE,,, or TE,;;) or con- 
trolled multimode excited. External matching stubs are not required since the internal 
adjustments of sliding short and probe match the plasma loaded applicator to the input 
transmission line. An important feature of this applicator is its ability to impress a high, 
tangential, standing wave electric field against the top volume of the discharge without 
reflecting power from the applicator. Thus even for high density discharges an evanescent 
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electric field is coupled into the discharge. The cavity can be operated either with or 
without the screen [8] . 


The multicusp magnetic field geometry is considerably different than the ECR 
waveguide magnetic mirror geometry. In this geometry the electrons move through the 
discharge following magnetic field lines and reflect off adjacent magnetic cusps. As they 
pass through the ECR layers they are accelerated by the impressed electric fields. Thus 
the high energy electrons follow this reflection and acceleration process until they elas- 
tically or inelastically collide with the larger neutrals or ions and diffuse and recombine 
on the walls. It is these inelastic collisions that provide the excitation, ionization and 
dissociation throughout the discharge volume. The high energy electrons are not all 
pushed out of the discharge by the magnetic field but many are bounced back forth per- 
pendicular to the discharge axis. The low magnetic field region in the center of the dis- 
charge allows low energy electrons and ions to diffuse out of the discharge zone. In 
addition, one or more magnetic coils [10] (shown in Fig. 9 with dashed lines) can be 
added to this geometry. These coils with just a few hundred gauss will move and modify 
the ECR surfaces and if desired can be used to accelerate a neutralized beam of charged 
particles out of the discharge. 


11.7 MICROWAVE PLASMA PROCESSING REACTORS 


One of the benefits of investigating microwave discharge applications is the potential 
to evolve new and useful plasma reactor configurations. These new reactors make use of 
the microwave discharge’s ability to create high densities of excited, charged and free 
radical species without having the disadvantages of large sheath potentials and contam- 
ination from electrodes. It is expected that one or more microwave plasma reactor con- 
figurations will one day take their place along side barrel and parallel-plate rf plasma 
reactors as important industrial machines for a variety of plasma processing applications. 


Several potentially important microwave plasma reactor processing configurations are 
shown in Fig. 11. In each, a generic microwave discharge applicator is the source of 
chemically active species. It is useful to note that, while applicators can be interchanged 
(i.e. waveguide interchanged with cavity, etc.), the basic plasma processing geometry re- 
mains the same. However, the exact processing characteristics and rates will be influ- 
enced by the specific applicator. 


As shown in Fig. 11 there are three important reactor variations: (a) the substrate (or 
processed surface) is placed entirely inside the active microwave discharge, (b) the 
substrate is located downstream from the discharge in a processing chamber and (c) a 
hybrid reactor where the substrate is again placed downstream in a processing chamber 
but where rf and/or dc energy creates a new discharge adjacent to the substrate. The 
screen, shown in reactor (b) and (c) separating the process chamber from the discharge, 
is optional. Its removal may allow microwave energy and energetic charged particles to 
impact on the substrate while increasing the density of excited species in the chamber. 
On the other hand placing a conventional single or double grid in the opening converts 
this ECR system into a broad beam ion source (7,8,26,36-38). 
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Figure 11: Microwave plasma processing configurations. 


Each of these configurations has important similarities and differences. In each, the 
substrate can be independently biased with dc or rf potentials. In (a) the substrate surface 
is biased relative to the active microwave discharge while in (b) the bias is applied relative 
to the chemically active species (ions, radicals, etc.) diffusing into the processing chamber. 
For example in oxide growth applications the material surface can be biased (12) positive 
to attract negative ions and electrons. In etching applications the material surface can be 
biased negative attracting positively charged species (5,13,41). This configuration is es- 
sentially an electrodeless, high plasma density version of triode etching, The independent 
biasing allows more control over the sheath potential and hence etching profile than does 
conventional parallel plate reactive ion etching. 


In reactor (c), rf and de energy is supplied to create a separate discharge adjacent to 
the substrate surface. The microwave discharge provides a preionization and excitation 
of the process gas before the final formation of the process discharge above the substrate. 
The three reactors allow numerous processing possibilities including the cases where gases 
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are either passed entirely through the discharge, or independently pass through the dis- 
charge and directly into the process chamber. 


The desirability of using one reactor vs another involves several trade-offs. In reactor 
(a) the placement of the substrate directly inside the discharge has the advantage of high 
processing rates due to high densities of excited species with the potential disadvantage 
of processing damage caused by high energy charged particles and direct microwave 
interactions with the substrate. In addition, substrate size is limited by the applicator size 
and discharge nonuniformities. Thus the ability to uniformly process large surfaces in this 
reactor depends on applicator type. 


Reactors (b) and (c) allow chemically active species to diffuse from the applicator into 
a larger, often lower pressure processing chamber. Thus the specific production non uni- 
formities of the applicator can be smoothed out by diffusion processes (free fall, 
ambipolar, etc.) in the process chamber. The chamber diffusion can be engineered by 
controlling pressure and diffusion length or by the use of multipolar plasma confinement 
(10,11,27,39). 


An example of a multipolar processing chamber is shown in Fig. 12. The chamber is 
lined with closely spaced permanent magnets producing a multicusp magnetic field en- 
tirely enclosing the chamber. As shown, one or more plasma applicators can be connected 
to the chamber as sources of excited species. This multipolar processing chamber 
produces a well behaved uniform plasma at the expense of reducing excited species den- 
Sities, usually by a factor of 10 or more, and thus a reduction of process rates. Sur- 
rounding the chamber with rare earth magnets and connecting several separate 
applicators or directly coupling microwave energy into the chamber (11) can improve 
densities and processing rates but only with the addition of overall system complexity. 


In reactor (c) a separate rf or de discharge is produced above the substrate. The 
properties of this discharge depend upon both the microwave and rf (dc) inputs. This 
configuration has the potential advantages of low sheath potentials, improved uniformity 
and control over the processing surface, and the introduction of new chemistry (40) due 
to the hybrid excitation of the final process discharge. 
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11.8 DISCHARGE CHARACTERISTICS 


Conventional wisdom suggests that plasma electron and ion densities within micro- 
wave discharges are limited to less than a critical density given by 


ne = 1.2x10~? £? (13) 


where n, is given in electrons/m? and f is the excitation frequency. This implies that with 
2.45 GHz excitation plasma densities are limited to a maximum of 7.2x10!/cm? . In 
practice waveguide applicators produce slightly higher densities (5,10,11) and cavity 
applicators are capable of producing densities of 10 to 50 times the critical density at the 
low ECR operating pressures, and densities above 100 critical densities at high pressures 
(1-3). The ability to produce high densities no doubt is due to evanescent wave pene- 
tration in the plasma. This type of coupling is greatly enhanced in cavity applicators be- 
cause of their ability to impress an intense, standing wave electric field against the 
discharge without reflecting power from the applicator. 
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Single (5) and double (13,26,41) Langmuir probe measurements of electron density 
within and downstream from the discharge have confirmed that ECR discharges are ca- 
pable of generating high densities of ions and electrons. For example over the 0.1-10 
mTorr pressure range in argon gas charge densities increase with pressure (constant input 
power) and input power (constant pressure), and the degree of ionization increases as the 
pressure is reduced. Numerous measurements (13,26,41) performed in discharges with 
different diffusion lengths indicate that electron and ion densities vary between 
3x101! and 5x10!2 cm-3 as power and pressure are varied from 0.1-10 mTorr. and the 
degree of ionization increases to 20-25% at the low pressures. Measured electron tem- 
peratures and density profiles obey Schottky ambipolar and free fall diffusion theories 
(41) inside the discharge and in the processing chamber. This approximate, but prelimi- 
nary, knowledge of discharge behavior gives the impression that discharge optimization 
for uniformity, efficiency and control can be engineered by size and type (i.e. multipole, 
etc.) of the process chamber. 


11.9 DISCUSSION 


ECR discharges have been demonstrated as a useful, electrodeless, high density 
source of excited and charged species over 10-4 — 10-? Torr pressure regimes. 
ECR/microwave technology allows a number of different design approaches. That is, 
there are several different processing configurations possible. Both waveguide and cavity 
applicators have been employed, ECR magnetic fields can be produced with coils or 
rare-earth magnets, etc. Both low energy plasma or neutralized electron-ion beams can 
be produced for surface processing. Thus specific applications may have one or more 
acceptable ECR approaches and/or very specific reactors can be designed for particular 
applications. 


The utility of the ECR discharge has been demonstrated in etching, thin film and 
broad ion beam applications. Using the configuration of Fig. 11(b), anisotropic etching 
of Si has been demonstrated without high plasma sheath potentials (5,10,13). Etch rates 
as high as 0.4 um /min with an anisotropy of 0.8-0.9 have been achieved over 3-6 inch 
wafers in SF,/Ar mixtures (11,41). Using ECR discharges as the plasma for a broad 
beam ion source beam current densities > 5mA/cm? have been achieved in argon and 
oxygen (26,38). Numerous thin film deposition applications including diamond thin film 
deposition, have also been demonstrated (12,29,42-44). 


Considerable work remains on discharge characterization. It is important to deter- 
mine the number and the energy of ECR accelerated electrons, the shape of the electron 
energy distribution, the density of doubly ionized species (14), the energy of neutralized 
electron-ion beams (30) and the relationship between the shape of the ECR zones and 
the plasma properties such as excitation and ionization efficiency, etc. Such information 
can be related to reactor design and process chemistry. 


Since ECR discharges are a relatively new technology, damage to etched surfaces and 
thin films either has not been or is in the process of being evaluated. The fact that 
microwave discharges can be produced without large plasma potentials is a definite ad- 
vantage over rf parallel plate discharges. Thus surface damage produced by high plasma 
potentials should not be a problem. However there are other sources of process damage 
that may occur. These are damage caused by high energy electrons and ions produced 
and accelerated in magnetic mirror fields, damage caused by direct microwave radiation 
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and damage produced by ultraviolet and other plasma radiation. Thus process damage 
produced by ECR discharges must be evaluated for each specific application and for each 
type of applicator. 


Finally, it is noted that the technology of producing high density microwave dis- 
charges over cross sections of less than 4 — 5cm? has been well established for many 
years. The present challenge for microwave discharge technology is to produce high 
density, uniform microwave discharges over surfaces areas of 300-500 cm? without dam- 
age to process products. Such discharges would have important applications for process- 
ing six to eight inch wafers. An additional important challenge is to design ECR plasma 
sources to operate in the very low pressure environments of MBE machines. These plasma 
sources, if retrofitted into existing MBE machines, would advance the scientific investi- 
gation of low temperature ion, plasma and free radical chemistry in MBE environments. 
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Hollow Cathode Etching and Deposition 


Chris M. Horwitz 


12.1 INTRODUCTION 


The hollow cathode is an enhanced-discharge configuration which permits high in- 
tensity, low voltage discharges to be obtained at low pressures. In this, it is similar to other 
configurations such as the magnetron and microwave ECR in providing enhanced opera- 
tion in comparison with the standard radio-frequency sputtering diode. We will see that 
the hollow cathode can also yield a very high power efficiency, and that ils symmetric 
construction can minimize high-energy electron bombardment of the substrates as well 
as minimizing particulate contamination. All of the above factors are important in modern 
semiconductor device processing: low operating pressures permit accurate pattern trans- 
fer (1,2); low voltages minimize surface contamination "damage" (3,4,5); high power 
efficiency minimizes heatsinking requirements (6,7); the absence of high-energy electrons 
improves dielectric layer properties (8,9); and low particle generation improves overall 
system performance (10,11). 


It must be pointed out taat the "hollow cathode" described in this chapter differs from 
hollow cathodes which are used as electron sources; such sources are often formed from 
small tubes of refractory metal and are operated in inert gas discharges at red heat 
(12,13). Here the hollow cathode is formed partly from the semiconductor wafers being 
processed, and it is thankfully not necessary to operate them at red heat to obtain the 
performance described here. 


This chapter provides an overview of hollow cathode operation, starting with the 
fundamentals of discharge confinement and basic machine design. Some more complex 
applications of these principles, related to semiconductor processing, are then described. 
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12.2 DISCHARGE CONFINEMENT EFFECTS 
12.2.1 Diode 


Reactive sputtering rates depend on rates of reactant arrival at target surfaces; i.e., 
upon reactant pressures. Such reactants, formed by discharge dissociation of the input gas, 
are active chemical species capable of etching or depositing in the presence of energetic 
discharge processes such as ion bombardment. Low reactant partial pressure, whether due 
to low gas flow, or to inefficient breakup of the input gas into active constituents, results 
in low etch and deposition rates. Discharge confinement improves this availability in two 
ways; firstly, by simply constraining reactants, forcing them to spend their (often short) 
lifetimes close to the active target area. Secondly, discharge confinement could increase 
the discharge ionization level. Discharge ionization can be enhanced if the energetic par- 
ticles produced by discharge heating (e.g., see Ch.6) are retained in the discharge region, 
again by simple mechanical confinement. In addition the correct choice of confining 
electrode polarity can result in trapping of energetic electrons. Such increases in discharge 
ionization would yield increased rates due both to increased reactant supply, and to in- 
creased ion bombardment of the target. 


Examples of unconfined and confined diode systems are shown in Fig. 1. The upper 
unconfined diode corresponds to those described in earlier chapters. The central "guard- 
confined" diode has a target surrounded by material at the guard (i.e., chamber) potential 


DIODE 


GUARDO CONFINED DIODE Figure 1: Diode configura- 
tions. Top: standard system. 
Center: Confinement at the 
chamber (guard) potential, 
Bottom: Confinement at the 
target potential and guarded 
on the outside. 


TARGET-CONFINED DIODE 
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and often exhibits increased rates. For instance, etch rate increases of a factor of 2, at 
constant target voltage and power input have been obtained in CF, gas (2, 14). Such rate 
increases can be attributed to reactant trapping; the fairly constant input power indicates 
that discharge ionization is not affected by such guard-confinement of a diode. 


The lower diagram in Fig. 1 shows a diode target which is confined by material at the 
target potential. Surrounding this is a guard at chamber potential, limiting the discharge 
to the central target area. Not only are neutral reactants confined by the arrangement; 
the extended target area is bombarded by more of the available ions in the glow region, 
while repelling electrons from its surface for most of the radio-frequency cycle. This 
"target-confinement" of a diode results in substantial improvements in deposition rate 
and in power efficiency of the discharge, but instability has made this discharge type hard 
to use in practice (15). 


Common to all diode-confinement schemes is the area ratio problem illustrated in Fig. 
2. The upper part of the diagram shows a 50 mm dia. target confined by a 15 mm high, 
90 mm dia. chamber. This small chamber has a (chamber:target) area ratio of A,/A, = 
7.6, implying that ion bombardment of the target is significantly more energetic than that 
of the chamber walls (16). Thus, in this case the chamber walls are not heavily attacked 
by sputter-etch processes. Scale-up of the target area to a more practical 200 mm diam- 
eter, with all other diameters similarly scaled, results in the geometry illustrated in the 
lower part of Fig. 2. The nominal chamber:target area ratio is 6, again high. However, the 
intense glow region delineates the areas to be included in this area calculation (16) re- 
sulting in the effective area ratio tending towards unity in the scaled up diode. An area 
ratio of exactly one results in equal bombardment of the two "electrodes", chamber and 
target; hence often in the use of sacrificial materials opposing a diode target. 


SMALL DIODE LARGE Ay/ Ay 


SCALED LARGE DIODE SMALL A3/ Ay 


Figure 2: Effective area ratios in small and large diodes. The lower diode has all radii 
increased by a factor of 4. The intense glow region does not fill the entire volume of the 
larger chamber. 
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12.2.2 Hollow Cathode 


A simple hollow cathode is formed by confining a diode target with a similar opposing 
diode target (Fig. 3 and top, Fig. 4). This confinement allows an increase in utilization 
of the available ions in the glow region, as did the target-confined diode. In addition, the 
hollow cathode so formed allows each target to repel secondary electrons ejected from the 
opposing target, forming an "electron mirror" (17). Such secondary electrons, formed 
by ion impact on a target and then accelerated by the sheath into the discharge glow re- 
gion, would otherwise be lost at low pressures (2). Application of this electron mirror 
concept to the hollow cathode indicates that while guard-confinement of a hollow cath- 
ode (center, Fig. 4) may increase rates due to retention of reactants and other active 
neutral discharge components, target-confinement (bottom, Fig. 4) should give the larger 
improvement due to its more efficient trapping of electrons by the negatively biased tar- 
gets. 


TARGETS 


Figure 3: Secondary electrons, liberated from hollow cathode targets by ion 
bombardment, can be trapped in an electron mirror. 


These general conclusions are borne out by the experimental data. As an example, Si 
deposition rates from SiH, gas are given for various confinement methods in Fig. 5 as a 
function of target voltage and in Fig. 6 as a function of power input (15). In both cases, 
the least-confined system (the diode) exhibits the lowest rate, while the most-confined 
system (the target-confined hollow cathode) exhibits the highest rate. All other systems, 
including the unstable target-confined diode, have intermediate performance. The impact 
of confinement is greatest at low pressures; Fig. 7 shows that while the etch efficiency of 
a guard-confined hollow cathode is about three times that of a diode at 1 Pa CF, pressure, 
the two systems’ efficiencies become similar at 10 Pa CF, pressure (14). 
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Figure 4: Hollow cathode con- 
figurations: Top: standard system. 
Center: Confinement at the 
chamber (guard) potential. Bot- 
tom: Confinement at the target 
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Figure 5: Voltage depend- 
ence of deposition rate 
from silane in diodes 
(dashed lines) and hollow 
cathodes (solid lines), 
with various degrees of 
confinement. The target 
confined diode results 
are sketchy due to dis- 
charge instability. 
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Figure 7: Power efficiency of CF, etching as a function of pressure for a diode and 


hollow cathode. Power efficiency is given here as (SiO, etch rate) / (surface power den- 
sity). 


There are minor differences in the confined behaviors of CF, and SiH, discharges; 
while guard-confinement of a diode has no effect on SiH, discharges, it has a slight 
power-reducing, rate-increasing effect on CF, discharges. In addition, guard-confined 
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CF, diode discharges were unstable at pressures lower than 6 Pa, whereas only the 
target-confined diode was unstable in SiH. 


The experimental data shows that confinement of a diode, while conferring some 
benefits, is not as effective as hollow cathode configurations in obtaining higher rates for 
a given target voltage and input power density. In particular, hollow cathode guard con- 
finement improves both reactant trapping and discharge ionization by providing a me- 
chanical barrier to the escape of energetic particles. The opposing grounded surface in a 
diode discharge is probably serving both as a heatsink and as a center for recombination 
and polymerization of reactants, on balance extracting energy from the diode discharge 
region and preventing guard confinement from conferring substantial benefits. This en- 
ergy loss mechanism may also explain the observed instability of confined diode dis- 
charges. 


Target confinement of the hollow cathode can result in a different type of instability 
from that seen in diodes; the discharge may exit from the central region in a "plume" at 
low pressure and/or at high input power. This plume can be suppressed with a small axial 
magnetic field of 10-50 Gauss, as shown in the ''Super-confined Hollow Cathode" of Fig. 
8, permitting stable high-efficiency operation at low pressures and at high input power 
densities. 


err i - 


Figure 8: 'Super-confined" hollow cathode using a magnetic field .nd arger confine 
ment to obtain a high efficiency low-pressure discharge. 


The hollow cathode, like the diode, cannot be scaled in target area indefinitely without 
regard to the effective area of exposed chamber wall. However very little work has been 
done on the nature of this effective chamber area, and on the significance of area ratios 
in the hollow cathode case. Our work to date indicates that scaling of the hollow cathode 
to large target sizes is easier than in the diode. 
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12.3 ETCHED SIDEWALL ANGLE CONTROL 
12.3.1 Mechanism 


The angle of an etched sidewall on a surface structure must be controlled in many 
applications. One example is in via and contact hole etching, where angles of 10° — 20° 
from the vertical permit good metal coverage (18). Here we discuss a method of sidewall 
angle control employing a metal compound of low volatility (e.g. MgF, ) which is coated 
onto surfaces while they are etched. This metal compound is normally present in 
monolayer quantities, and as will be shown in section 14.4.2, is compatible with standard 
device processing. As will be seen the process is applicable to a wide variety of etcher 
configurations, although it has mostly been used with the hollow cathode. 


If a conformal uniform-thickness layer is being continuously applied over a surface 
which is also subject to directional ion-assisted etching, horizontal areas will be etched to 
completion faster than angled areas, where the effective layer thickness is greater (Fig.9, 
Ref.19). Defining the angle between the substrate and the incident ion direction as 0 , 
the effective layer thickness is proportional to sin @-! , hence rises as the angle © falls. 
At large angles © (i.e. for horizontal surfaces, normal to the ion direction), this coating 
typically etches rapidly and so does not greatly subtract from the substrate etch rate. 
However, at a sufficiently small angle © to the ion direction, the effective layer thickness 
will be so large that the substrate etch rate is reduced to zero. At this angle the conformal 
deposition rate of this layer is precisely equal to its directional etch rate, resulting in the 
formation of a stable, very thin equilibrium layer. At this equilibrium angle no further 
etching of the substrate can take place. - 


CONFORMAL LAYER 


THICKNESS I 


Figure 9: Mechanism of angle 


DIRECTION OF ION INCIDENCE control using a surface coating. 

| (a) Conformal surface coating: 

> (b), (c) Effective coating thick- 
ty>te ness along ion etch direction is 

(b) A t larger on angled surfaces. At the 
t2 angle where effective etched 


thickness equals deposited thick- 
ness in any given time period, an 
equilibrium state is reached. 
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The above mechanism implies that the etched angle is dependent on the nature of the 
coating material and on its deposition rate, but not on the material being etched. This 
surprising result is borne out by experiment, where both Si and SiO, layers are etched to 
very nearly identical angles in the presence of metallic compound deposition (19-21). 
Another useful attribute of this angle-control mechanism is its independence of other 
discharge parameters, allowing independent control of etch selectivity and etched angles 
(22). We have found that a wide variety of metal and gas combinations result in useful 
angle control properties, as illustrated in Figs. 10 and 11; in general the metal compound 
must have a low vapor pressure to have a significant angle-control effect, but not so low 
that its effect is too localized. 


As 


Figure 10: Effect of upper target material 
on etched angles in SiO, and Si at 1.7 

Se kV,-p in a 2.2 Pa, 0.006 Pa m3s~!CF, hol- 
low cathode discharge. Heatsunk samples; 
MgF, mask removed. Top layer is 
0.6um thermal Si0,. 


-o 


ka 


ae 


i, GAS 


Hollow Cathode Etching and Deposition 317 


CF, 


Figure 11: Effect of etch gas 
on etched angles at 1.7 kV,_, 
with a Mo upper hollow cathode 
ci 2 target. Heatsunk samples; MgF, 
j mask removed. Top layer is 
0.6m thermal Si0, 
CF, and Cl, at 2.2 Pa, SF, at 1.1 
Pa pressure. 


Sy 


12.3.2 Special Machine Designs 


Metal compounds may be added to the discharge gas in a variety of ways. If the op- 
erating pressure is high, or the compounds in use have a moderately low vapor pressure 
(as with Mo-F combinations), a source of metal from a subsidiary discharge at the side 
of the etching chamber will result in good angle uniformity (Fig.12(a)). Sources of metal 
closer to the etched substrates permit a wider choice of materials and operating pressures; 
Figure 12(b) shows that an opposing hollow cathode target may be partly metallic. 
However this permits etched angle control only through target changes. Another relatively 
inflexible method relies on a small (chamber:target) area ratio, causing ion bombardment 
of the chamber to a lesser extent than the target, but nevertheless sufficient to sputter a 
controlled amount of chamber metal material into the discharge (Fig. 12(c)). 


The "trielectrode" hollow cathode (Fig.12(d)) has three main electrodes; central tar- 
gets, metallic ring targets, and the chamber walls. This configuration provides a source 
of meta! close to the targets, while permitting etched angle control by adjustment of the 
metal ring target discharge current. These ring targets also contribute to discharge con- 
finement and hence to discharge power efficiency (ref. 21). Although the rf generator is 
shown connected only to the central targets, and only the dc supply to the ring targets, in 
fact a fraction of the central target rf voltage appears on the ring targets. External 
capacitors can be connected between the ring targets and the chamber or central 
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electrodes to adjust the value of this ring rf voltage; a high ring voltage results in low input 
power density for a given etch rate, but also in a high rate of metal supply to the discharge. 


METAL SOURCE AT CHAMBER SIDE 


SESE 
GAS INLET 


METAL SOURCE 


Figure 12; Methods of in- 
corporating a metal source in 
hollow cathode discharges. 


12.4 ETCHING PERFORMANCE 


12.4.1 SiO, Selectivity and Etching 


As in diode reactors, the hollow cathode allows Si0, to be selectively etched using 
controlled polymer deposition during the etch process. Addition of hydrogen to CF, etch 
gas encourages formation of this polymer on photoresist and on silicon, thereby retarding 
the etch rates of these materials relative to that of SiO, (22,23,24). Thus Si0, films formed 
on Si and masked by patterned photoresist can be etched, without excessive erosion of 
the mask or of the underlying silicon, in a high selectivity process. One limit to the at- 
tainable material selectivity is gas flow reproducibility; excessive hydrogen flow, beyond 
the so-called "polymer point", results in the deposition of a thick continuous polymer 
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film. This is to be avoided as much as the lower selectivity obtained at low hydrogen flow. 
The precision to which gas flow must be controlled can be derived from the rate of 
change of selectivity with hydrogen flow; a small rate of change indicates a small (and 
desirable) sensitivity to hydrogen flow. Figure 13 shows how the etch selectivity of Si0, 
relative to Si varies with hydrogen flow in the hollow cathode. Figure 13(b) also shows 
the performance of a diode etcher (23,24). In these graphs the hydrogen flow is shown 
on a logarithmic scale and in arbitrary units to allow comparisons of curve shapes to be 
made; the relative positions of the curves on this axis have no significance. 


50 
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Figure 13; The effect of hydrogen on the SiO,/SiO selectivity for the hollow cathode. 
Curve positions on the H, flow axis have been shifted for clarity. (a) non heatsunk sam- 
ples; CF, pressure as parameter. (b) Heatsunk samples; target voltage as parameter. The 
Planar System (diode) curve is replotted from refs. 23, 24. 


All the curves in Fig. 13 exhibit regions of low slope, hence of a desirable low sensi- 
tivity to hydrogen flow. Beyond a "knee" region the slope increases, making accurate 
process control more difficult. The value of selectivity at that knee position can be used 
to compare different operating conditions; for instance at 20 Pa operating pressure, a 
knee selectivity of roughly 2 is obtained, whereas at 1.7 Pa pressure the knee selectivity 
is 15, demonstrating one benefit of low-pressure operation (Fig. 13(a)). The knee selec- 
tivity varies even more rapidly with target voltage; a doubling from 0.73 kV,_, to 1.5 
KV p-p increases knee selectivity from about 4 to 18, at low operating pressure (Fig. 
13(b)). 


Selectivity at the curve knees in Fig. 13 is clearly related to the etch selectivity of 
CF, in the absence of hydrogen. Although high inherent CF, selectivity can be obtained 
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in both diode and hollow cathode reactors (25,26), Figure 14 shows that hollow cathode 
selectivities are greater than those of diodes over a wide pressure range, for a fixed 50 
mm dia. target geometry and operating voltage. Rates and input powers are shown in 
Fig.14(a) for unconfined and in Fig. 14(b) for glass-ring-confined targets (14). Both fig- 
ures demonstrate a large Si0,/Si etch rate ratio for hollow cathode configurations. This 
behavior enables the larger hollow cathode system used for Fig. 13 to yield selectivities 
in pure CF, of the order of 10 at high target voltage and low pressure. This is high enough 
for many integrated circuit applications and is also well above the selectivity of 1.3 re- 
ported for a diode system in 4.7 Pa CF, and at 800 V,_, (Fig. 13(b)) (23,24). Clearly 
high target voltage by itself does not make CF, gas selective. It is the combination of low 
operating pressure and high input volume power density (i.e., high energy input per input 
gas molecule) that seems to result in a desirable polymer deposition process. 
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Figure 14: SiO, and Si etch rates and power densities in CF, discharges. (a) Unconfined 
targets; SiO,/Si selectivity is higher in the hollow cathode than in the diode, even at sim- 
ilar target voltage and surface power density. (b) Guard-confined targets; the hollow 
cathode again exhibits higher selectivity than the diode. 


High selectivities are limited not only by gas flow repeatability but also by pattern 
sensitivity of etching rates. The centers of large apertures etch slowly, probably because 
of their large polymer acceptance angle (Fig. 15). Another possible explanation may be 
a local chemical interaction between the plasma and the resist, but the low resist etch rate 
makes this unlikely. This behavior appears to be the reverse of high-pressure reactor 
performance, where small opening sizes etch more slowly. The effect can be observed 
after overetch of an oxide film with large pattern openings; close to the pattern edges 
silicon is etched deeper than at the pattern center. For instance, with 1.6 um resist and 1 
pm oxide thicknesses, an overetch of 300% at a selectivity of 150 to 300 results in silicon 
etch depths of 3 to 10 nm within 10 um of the pattern edges. However, in the remaining 
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areas of the pattern an etch depth of 1 nm is obtained. This pattern sensitivity can be 
minimized by (a) requiring uniform pattern hole sizes; or (b) operating at selectivities of 
100 or below, where this effect has not been observed in patterns as wide as 70 pm. 


e DEPOSITION FROM . 
A ° PLASMA GLOW ? 
e ( anai e ° 
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Figure 15: Preferential etching of small apertures at high selectivity. Wide structures 
have large polymer acceptance angles and have low central etch rates. 


Another practical limit to selectivity is the tolerable level of polymer deposition. In 
the trielectrode chamber (Fig. 12(d)), the rf voltage on the ring can be set at the level 
where ring etching begins to dominate over polymer deposition, without dc supply current 
flow. Application of dc current to the rings then permits adjustment of the metal ring 
sputtering rate. In this case, polymer deposition is inhibited on all central target and ring 
areas, resulting in polymer film buildup only on chamber surfaces remote from the etched 
substrate wafer. This "clean" environment for the etched wafer compares with standard 
unconfined and guard-confined systems, which permit polymer buildup opposite the 
etched wafer (Fig. 1), and on the periphery of the etched wafers (Fig. 4). Thick polymer 
deposits can flake on exposure to air, resulting in undesirable particle deposition on etched 
wafers (10, 11). Only three chamber types discussed here are capable of inhibiting 
polymer buildup around the etched wafers; symmetric diodes with large etched target 
areas surrounding the wafers, the trielectrode hollow cathode (Fig. 12(d)), and the hollow 
cathode surrounded by a reduced-area chamber (Fig. 12(c)). These chamber types offer 
longer periods between cleanup cycles than the other hollow cathode and diode systems, 
and the possibility of more prolonged operation at high selectivity levels. 


Etch uniformity is of greatest importance in cases where the SiO, layer thickness is 
identical in all etched apertures on a wafer. Then even a low-selectivity process could in 
principle be stopped exactly at the point where all Si0, had been cleared from those ap- 
ertures, provided that this low selectivity process exhibited uniform etching over the wafer 
surface. In practice the SiO, layer thickness often varies from aperture to aperture because 
contacts must be made to different layers in a chip, at differing levels. Thus etch uni- 
formity cannot be exactly traded off against selectivity; in chips with varying oxide 
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thicknesses uniformity must be less important than selectivity. Hollow cathode uniformity 
can be adjusted with gas pressure and target spacing; the trielectrode hollow cathode 
uniformity can also be varied with the level of ring electrode excitation. In general wide 
electrode spacing results in low etch rates at the substrate edge in comparison with the 
central etch rate, probably because energetic particle loss at the discharge edge results in 
lower discharge intensity there. Closer electrode spacing aids confinement processes and 
results in lower losses and in higher edge etch rates. These trends are illustrated in Fig. 
16, which shows etch rates across a 100mm dia. wafer (clamped by a 90 mm I.D. 
polyimide-coated metal ring) in a trielectrode hollow cathode. Target spacings were 
varied by changing the height of the surrounding chamber walls; at a wide target spacing 
of 34 mm the edge etch rate is lower than that in the center, as expected. Closer spacings, 
to a minimum target separation of 14mm, demonstrate a general trend towards higher 
edge etch rates, resulting in + 1 % etch rate uniformity being obtained between 21 and 
24 mm target spacing. 
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Figure 16: Etch uniformity across a 100-mm wafer for various target separations using 
a trielectrode chamber. The input rf power was kept constant; the rf voltage falls sharply 
at small separations. The wafer was clamped by a ring of 45-mm radius. 


Silicon etch uniformity is of interest because of its impact on etch selectivity. Often 
the silicon etch rate variation across a wafer is far greater than that of Si0,. Silicon etch 
rates are affected not only by ion bombardment (which is the dominat etch mechanism 
for SiO,), but by ncutral fluorine concentration and by polymer deposition rate. At low 
polymer generation rates (ie. with only CF, etch gas) the electrode spacing for best 
silicon etch uniformity is typically a little larger than that for Si0,; and uniformities to 
within a few percent are normal at the optimum spacing. However with H, added, silicon 
etch uniformity is controlled by polymer deposition which, in the trielectrode system, de- 
pends on metal ring target voltage more than on target spacing. Thus the best silicon etch 
uniformity, hence the best selectivity uniformity, is obtained when the metal ring voltage 
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is close to that of the target. This would be achieved by ensuring close capacitive coupling 
between the central targets and the ring targets, and can result in very high input power 
levels for a given SiO, etch rate. High SiO, etch rates are more easily obtained under the 
looser coupling between ring and central targets indicated in Fig. 16, which results in 
higher silicon etch rates at the edge than in the center. The resultant difference in edge 
and center selectivities is plotted in Fig. 17, which shows a highest central selectivity of 
150-300, and an edge value of 50. The lowest selectivities are obtained in pure CF,; 15 
at the center, falling to 10 at the edge. At the highest selectivities in this system the Si0, 
etch rate remains high at 15nm/s (0.9 pm/ min), and uniform to within + 1 % from 
center to edge. 
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The etched Si0, angle depends on metal ring target etch rates; with 200 mA ring dc 
applied current and Al metal electrodes a 75° + 5° angle is obtained between O and 
40mm radius (i.e., to within 5mm of the wafer clamp edge). Thus our Al-containing angle 
control compounds appear to have adequate range with this operating pressure and target 
geometry. 


12.4.2 Device Processing; SiO, Etch 


The previous sections have shown that low CF, pressures and high target voltages 
allow a highly selective SiO, etch to be obtained with added hydrogen, and that angle 
control can be obtained with added metal. As an example of such conditions, Fig. 18 
shows the performance of a guard-confined hollow cathode as a function of hydrogen gas 
partial pressure. SiO, etch rates of 1 - 1.5 pm/ min were obtained at selectivities of 15 - 
20, while the amount of Al metal on the target opposing the patterned wafer resulted in 
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a 70° etched angle from the horizontal. The compatibility of this high-rate, high-voltage, 
angle-controlled etch with CMOS device processing was demonstrated as follows: 


(a) Etched contact holes in Si0, must yield low contact resistances to the underlying Si 
or poly-Si substrate. The quality of the etched Si surface can be inferred from previous 
studies, which have shown that the quality of thermal oxide grown on a previously etched 
Si wafer falls as CF, etch voltage rises. This indicates that high voltage CF, discharges 
cause surface roughness and/or leave chemical residues on Si surfaces (4). Surprisingly, 
the addition of hydrogen to these discharges resulted in higher surface quality (27). It is 
worth noting the effect of discharge chemistry on these "damage" levels; a gas without 
carbon such as SiF, resulted in very low damage levels at the highest voltages tested. 
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Our measured contact resistances correlate well with the above data on damage levels 
in grown oxides. Intermediate contact resistances to p+ doped Si and to n* poly-Si, 
counterdoped with p+ dopant were obtained at completion of the selective CF,/H, etch 
(Fig. 19, "no final etch" points on left-hand side), Although such resistances may be 
tolerable in tow-current CMOS circuits, they are not as low as can be obtained with wet 
oxide etching in HF, indicating the presence of residues and/or surface roughness. This 
"damage" may be removed by etching off a thin Si surface layer in several ways (28-30). 
In the present case pure CF, was used to remove about 10 nm of silicon in a non-selective 
final etch step, resulting in poor resistances at high applied voltages, but in excellent 
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contact resistances at low applied voltages (Fig. 19). This is again in agreement with the 
oxide damage studies, 
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The above data relates to contact resistances between Al and the relatively lightly 
doped materials with p-type (boron) doping. In silicon this doping level gave a sheet 
resistivity of 100 2/square. The n+ - type polysilicon, and n+ -type silicon doped to a 10 
Q/square level gave contact resistances between 0.8 and 1.1 Q in 5 x 5 um (nominal) 
contact holes, independent of post processing etch treatment and roughly equal to the 
value obtained with wet HF etching. 


(b) Field-effect devices, such as those used in CMOS logic, can be damaged by changes 
in the properties of gate oxides. Rapid target potential changes can result in high-voltage 
gate oxide stress, and in device breakdown (31); in the present study target voltages were 
ramped and controlled by computer, with no sudden changes permitted. The device yield 
figures which are listed below indicate that our process has not induced gate breakdown. 


Gate oxides can also be modified by injected charges arising either from charged 
particle bombardment or from discharge UV/ Xray irradiation (32); these charges could 
induce a shift in device threshold voltages. Threshold voltages of n-channel devices with 
100 nm oxide thickness showed no detectable deviation (within the + 20 mV scatter) 
between our high-rate hollow cathode process and the control wafers. p-channel thresh- 
olds also showed no detectable deviation from the control wafers, within their larger 
scatter of + 50mV. 


(c) The sidewall! angle etch process relies on novel chemistry and leaves a thin layer, of 
the order of one monolayer thickness, on etched sidewalls. To test whether this layer 
causes any yield or long-term reliability problems, CMOS clock generator chips, using 
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devices with 100 nm oxide thickness and 5 pm minimum gate length, were fabricated us- 
ing the high-rate hollow cathode process for the final contact hole etch. Control wafers 
were etched in a commercial planar etch system, then given a phosphosilicate glass reflow 
to obtain sloped sidewalls. All wafers were then metallized, sintered, and overcoated. The 
control wafer yields were in the normal range for this device of 52% to 69%; hollow 
cathode wafer yields were between 67% and 82% even after over-etching by up to 
200%, indicating adequate etch selectivity for these devices, and showing a 15% yield 
improvement over the control waters. When placed on life test for 1000 hours with 5V 
supply and at 125°C, no failures occurred in the 89 chips tested. 


The above data demonstrates the viability of high-rate, controlled-angle and selective 
hollow cathode etching in standard CMOS processing. Lately the angled hollow cathode 
etch has been applied to front-surface texturing of solar cells (33). A hollow cathode 
silicon trench process (see following section) has also been used to form high-efficiency 
solar cell diode structures. Our processes have been compatible with all of these devices, 
without special post-etch treatments. 


12.4.3 Si Etching 


Limited work on silicon etching has been performed in the hollow cathode to date, in 
comparison with oxide etching and with silicon deposition. The results reported here re- 
late to process selectivity and to isolated Si beam formation, and have been obtained 
during the fabrication of small isolated bipolar devices (34). Throughout this discussion 
the mask material is patterned SiO, . 


Silicon may be etched selectively relative to SiO, in gases with greater fluorine content 
than CF, . An example is SF,, where selectivities of around 5 can be obtained at high 
pressure and at high etch rate (Fig. 20). Here the observed selectivity is a result of the 
high reactivity of Si with free F atoms, and non-directional (isotropic) etching is obtained 
under these conditions. At a lower target voltage of 200 V,_, , a selectivity of 200 can 
be obtained, again with isotropic Si etching. Such behavior is similar to that of SF, in di- 
ode systems (35). High selectivity in a directional etch requires gases containing Cl, in 
which ion bombardment is required to induce Cl-Si reactions. One example is shown in 
Fig. 21, where a selectivity of almost 10 is obtained at a relatively high Cl, operating 
pressure and etch rate. As with SF,, selectivities against oxide rise as target voltage is 
lowered; in 10 Pa Cl, we have measured a selectivity of 15 at 1.4 kV,_,, rising to 32 at 1 
KV,-p- 

The above etch results relate to "simple" discharge etch processes, without compet- 
itive deposition. As in silicon dioxide etching where polymer deposition enables high se- 
lectivity to be obtained without etch rate and target voltage tradeoffs, silicon etch 
processes can benefit from controlled deposition of a layer containing silicon dioxide. The 
silicon for this layer can be sourced from the etched target or from the etch gas (36), and 
the rate of oxide layer growth controlled by the oxygen content of the discharge gas. Be- 
cause the deposition of this layer is from an approximately isotropic source in the dis- 
charge it deposits casicr on tall masked structures than in deep trenches. This enables etch 
selectivity to be increased during trench etching, protecting mask layers from erosion 
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Figure 21: Silicon and SiO, 
hollow cathode etch rates in 
Cl, discharges, as a function 
of Cl, pressure. Note the high 
Si etch rates; 16.7 nm/s is one 
micron/minute. 
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during the final etch stages but allowing the native Si oxide layer to be broken through 
cleanly in the initial etch phase. The results shown in Fig. 22 for an SiCl,/H,/O, gas 
mixture show that selectivities of 10-20 are obtained up to the high- O, flow point where 
an oxide coating would form on all exposed flat surfaces. Deep trench etching would 
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commence at such selectivity levels, then operate at increased O; flow to permit accurate 
control of the trench bottom shape while protecting the top mask (Fig. 23). As in diode 
etching (37-38), low O, gas flow allows mask faceting and etch-back; intermediate O, 
flow protects the mask, but results in straight trench walls which increase ion 
bombardment and etching at the trench sides; and high O, flow gradually narrows the top 
mask aperture, resulting in sloped trench sides and a smooth trench profile. 
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The deposited oxide may be removed in a selective wet etch. For instance, 100:1 di- 
luted HF etches the deposited oxide 70 times faster than thermal oxide, allowing thermal 
oxide masks to be retained if needed (Fig. 24). The deposited oxide may however be re- 
tained if isolated silicon beams are required; it acts as a good etch mask against isotropic 
SF, etching. A cantilever structure so formed is shown in Fig. 25, before insulator refill 
around the Si beam. 


Figure 24: Silicon trench 
etched in the hollow cathode 
using low initial O, gas flow, 
rising to high levels later in 
the etch. Cl, etch gas; de- 
posited oxide removed, 
0.5-micron thermal oxide 
mask remaining; 20 pm deep 
trench. 


10 microns 


Figure 25: Single-crystal Si cantilever beam after trench etch, SF, "cutoff" etch, and 
oxide removal; before insulator refill. 


12.5 Si DEPOSITION PERFORMANCE 


12.5.1 Substrate Processes 


Previous sections have shown how controlled deposition can benefit etch processes. 
In this section the benefits of controlled etching during film deposition will be investi- 
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gated, using silicon deposition from silane as a model. In our discharges the film deposi- 
tion of interest occurs on ion-bombarded targets, resulting in many film-forming and 
film-modifying processes: 


(a) The discharge glow region can form Si nuclei, resulting in particles which fall or dif- 
fuse to the wafer surface. Such "homogeneous nucleation” in the gas results in a rough 
film if the particles are large in comparison with the scale of redistribution processes on 
the substrate. 


(b) The input SiH, gas, or a fragment of it such as SiH, may adsorb on the target surface. 
Thermally activated processes could further break this adsorbate down, depositing Si. 
Such thermally activated "heterogeneous nucleation" is often the primary mechanism of 
chemical vapor deposition, but on our room-temperature substrates is negligible. 


(c) The surface adsorbates in (b) may be broken down by the energy liberated during ion 
impact, resulting in Si film formation. In the present case this growth process dominatcs 
over (a) (homogeneous nucleation) at low silane pressures. 


(d) Ion impact during film deposition redistributes film atoms, removing voids and 
densifying the film (39). However, interstitials are created which result in a compressive 
film stress (40), which in some cases has been observed to increase with the square root 
of the ion energy (41). Films under high compressive stress can fail even during deposi- 
tion, through loss of adhesion to the substrate and subsequent peeling. High stress can 
also lead to peeling of the film during high temperature (1000°C) doping operations. 
Film stress can be lowered by deposition above room temperature or by annealing, both 
of which permit relaxation of strain by thermal diffusion of atoms to low energy sites. The 
Si films in this study tolerate 1000°C thermal treatments after a 600°C anneal cycle. 


(e) Ion impact also results in sputter etching and redeposition, which "facets" sharp edges 
and fills in deep holes, resulting in planarization of the growing film (8,9,42). 


(f) High-energy ion impact (above 2000 eV) forms interstitials at depths of 10 nm and 
deeper, below the target surface. Such "ion implantation" in the present case should result 
in little alteration of film chemistry. However, it should be noted that the hydrogen de- 
rived from our silane input gas may have a greater range than the larger ions (43). 


(g) Electron bombardment of a growing insulator film results in inferior electronic per- 
formance due to trap formation (8,9,32). Although these can be annealed out, the hollow 
cathode electron mirror phenomena should minimize such trap formation. 


(h) Traps may also be formed in insulators by UV and Xray irradiation (32). It is possible 
that systems with high power efficiency (such as the confined hollow cathodes) have ad- 
vantages over reactors with lower power efficiency in this regard. 


12.5.2 Experimental Results 


In our experiments with hollow cathode discharges the dominant deposition mech- 
anism can be deduced by comparing deposition rates on adjacent substrates. Target 
substrates are exposed to deposition from the glow as well as to ion bombardment, 
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whereas surrounding guard surfaces are only exposed to glow deposition processes. A 
comparison of target and guard deposition rates at two pressures (Fig. 26) shows that at 
20 Pa the guard rate is 27% higher than the average target rate, implying that deposition 
of silicon is primarily from the discharge glow. High pressure ion bombardment appears 
to serve more as an agent of etching than of deposition. At a low 1.34 Pa pressure the 
situation is reversed with a guard rate equal to 55% of the average target rate. Hence at 
low pressure, ion-induced deposition coupled with ion-induced etching become the dom- 
inant film forming mechanisms. Films deposited at low pressures should thus be somewhat 
smoother than those deposited at high pressures, due to a greater "heterogeneous 
nucleation" contribution. 
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Figure 26: Deposition 
rate as a function of 
substrate position at two 
silane pressures. The up- 
per drawing of (half of) 
the targets shows the 
27mm samples to be on 
the guard. Uniformity 
between 0 and 21 mm ra- 
dius is + 6 % (10) in both 
cases. 
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Independent of the deposition mechanism, the step coverage of a growing film is 
controlled by its (deposition/etching) rate ratio. Large ratios imply that etching due to 
ion bombardment is swamped by deposition processes, resulting in little film redistrib- 
ution after initial deposition, and so in poor coverage over steps in the substrate. An ex- 
ample of the resulting re-entrant film profilcs, and of void formation, is given in Fig. 27 
for a relatively thick (2 micron) film. Such poor deposition conditions are generally ob- 
tained at high pressures and at high gas flow rates, where copious chemical reactants are 
available for film deposition processes. - At low pressures (Fig. 28), or at low input gas 
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flow rates (Fig. 29), etching processes become more effective (15). The results of this 
etching, and subsequent redeposition of etched material on other parts of the substrate, 
are better filling of hollows in the substrate and of voids in the growing film; and forma- 
tion of etched facets on upper exposed portions of the growing film. Sufficiently thick 
films become planarized by this faceting process (21). 


mma i micron 


Figure'27: Voids and re-entrant profiles in a directionally-deposited film. Si film de- 
posited over SiO, grating steps (SiO, removed in HF). Unconfined hollow cathode; 3.5 
KV -p 10 Pa SiH,, 2 micron nominal Si film thickness. 
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Figure 28: Deposited silicon profiles over SiO, grating steps with SiO, etched away. 
Left; diode: Center; unconfined hollow cathodes: Right; glass-ring-confined hollow 
cathode. This latter is similar to a guard-confined hollow cathode. Silane pressures shown 
to the right of each picture. For these studies, a high silane flow (about 0.04 Pa m?s-1), 
and 3.5 kV,_, was used. 
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Figure 29: Flow rate de- 
pendence of deposited 
silicon profiles at 22 Pa 
silane fill pressure, in an 
unconfined hollow cath- 
ode with remote gas in- 
jection. Deposition rates 
increase by about a factor 
of 5 from bottom to top 
of the figure. Flow rates 
(from bottom): 0.004, 
0.016, 0.085 Pa m's-! of 
SiH,, with 3.5 kV,_, tar- 
get voltage. 
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12.6 CONCLUSIONS 


Our understanding of discharge behavior and of confinement effects is by no means 
complete. We do not understand why oxide etching is inherently more selective in hollow 
cathodes than in diode reactors. In addition the relationship between ion bombardment 
and target areas, familiar in the diode situation, is not yet clarified for hollow cathodes. 
Further work in these areas will doubtless clarify the interrelationships between these 
enhanced discharge systems, and their simple diode precursor. However, confined rf dis- 
charges, and especially those incorporating hollow cathodes, permit high deposition rates 
to be maintained at low pressures, with low target voltages and low rf input power densi- 
ties. This capability, combined with competitive deposition as in the case of an etch 
process, or competitive etching as in the case of a deposition process, gives a wide degree 
of control over the shapes that can be formed in electronic substrate materials. 
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13.1 INTRODUCTION 


"Yon Plating" is a generic term applied to atomistic film deposition processes in which 
the substrate surface and the growing film are subjected to a flux of energetic bombarding 
particles sufficient to cause changes in the film formation process and the properties of 
the deposited film. This broad definition does not specify the source of the depositing film 
particles, the source of bombarding particles nor the environment in which the deposition 
takes place. The principal criterion is that energetic particle bombardment is used to 
modify thc film formation process and film properties (1-4). 


Most recently the term ion plating has been applied to processes where the surface to 
be coated is in contact with a plasma and the term "Jon Assisted Deposition" (IAD) or 
Jon Beam Enhanced Deposition (IBED) is used where the substrate is bombarded by an 
energetic ion beam in a vacuum environment during deposition (e.g. 5,6). There are se- 
veral other modifying terms which are sometimes used with ion plating such as: "sputter 
ion plating" and "chemical ion plating" which specify the origin of the depositing species 
(sputtered material or chemical vapor precursor gases respectively) and "reactive ion 
plating" used for the deposition of films of compound materials. 


Generally, the energetic particles used for bombarding surfaces and growing films are 
gascous ions and arisc from: i) biasing (dc or rf) a surface in contact with a plasma so that 
it is bombarded by ions from the plasma, ii) extraction of ions from a confined plasma and 
accelerating them to a high energy through a grid system into a vacuum environment (ion 
beam) (7) or iii) reflected high energy neutrals which arise from ion bombarding a surface 
in a low pressure environment (8,9) such that the reflected neutrals are not thermalized 
by collisions in the gas phase. 
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The energetic particles may also be of a condensible species and arise from: i) sources 
such as are used for isotope separation (10-13), i) acceleration of negative ions from a 
negatively biased compound or alloy sputtering target (14), i) ions from vacuum or plasma 
arcs (15) or i) special ion sources (16). In this chapter we will be primarily concerned with 
the coating of a substrate surface in contact with a plasma where the ion are extracted 
from the plasma using a DC or RF bias on the substrate or substrate fixturing. However 
energetic particle bombardment from any source will have the same effects. 


13.2 PROCESSING PLASMA ENVIRONMENT 


Plasmas are gaseous media which contain enough ions and electrons to be electrically 
conductive (e.g. 17). Energy is introduced into the plasma by the acceleration of electrons 
in a DC, RF or microwave electric field. These energetic electrons then fragment, excite 
and ionize atoms or molecules by collisions. A processing plasma is a plasma that is used 
in materials processing (18). In many if not most cases the processing plasma is a weakly 
ionized plasma such that there are many more neutral particles than ions in the gas phase 
and there is a large number of radical species compared to ions when a molecular gas is 
used. In a processing system the local plasma densities and properties may vary signif- 
icantly due to electrode configurations, presence of fixturing and other geometrical fac- 
tors. 


In film processing utilizing plasmas the depositing (condensible) species usually trav- 
erse the plasma before condensing on the substrate. In doing so some of the species may 
be fragmented and/or ionized in the plasma. In addition to ionization and excitation by 
electron-atom collisions the atoms/ molecules may be excited or ionized by collision with 
an excited metastable species in the plasma (Penning ionization) (i.e. Cu by Ar*). How- 
ever in the usual ion plating configuration (low density - weakly ionized plasma) little 
ionization of the condensible species is to be expected (19). 


For reactive deposition processes the gaseous reactive species may be "activated" in 
the plasma to become more chemically reactive. This activation may be in the form of 
fragmentation (formation of radicals), ionization, atomic excitation and/or increased 
kinetic energy ("temperature"). Plasma activation of a reactive species is also used in the 
"Activated Reactive Evaporation" deposition process (20) and Plasma Enhanced Chem- 
ical Vapor Deposition (PECVD) (21). A plasma may also be used to form radical species 
which polymerize to form polymer films of organic and inorganic materials. 


In film deposition processes the substrate may be in contact with the plasma in the 
region of plasma generation (plasma chamber) or may be exposed to the plasma in a 
"downstream" location. Figure 1 shows some configurations that allow a substrate to be 
bombarded from a plasma. Figure 2 shows a simple ion plating system using a DC diode 
gas discharge and a thermal vaporization source (3). Figure 3 shows an ion plating system 
utilizing a dc diode discharge and a sputtering source (Sputter Ion Plating - SIP) (22). 
This system allows almost complete coverage of the part except for the point of suspen- 
sion and high voltage contact. 


Plasma enhancement techniques may also be used to locally increase the plasma den- 
sity. This plasma enhancement may be accomplished by using local RF fields (23), 
thermo-electron emitting surfaces (24), hollow cathode electron emitters (25-27), de- 
flection of secondary electrons in e-beam evaporation, localized higher gas pressure, etc. 
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The plasma density may also be increased by the use of magnetic fields which cause the 
electrons to spiral around the magnetic field lines thus increasing their path length (as in, 
for example, magnetron configurations) (28). Some of the most dense plasma sources 
have been developed for the magnetic fusion community (29). Many of these sources use 
RF power input or thermo-electron emitting surfaces (30) along with confining magnetic 
fields. 
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Figure 1: Some configurations for bombarding a surface from a plasma by using accel- 
erated or reflected high energy particles. a) diode, b) "downstream configuration", c) 
grid to allow bombardment of complex surfaces or insulators, d) thermo-electron sus- 
tained plasma with magnetic enhancement/confinement, e) e-beam evaporation with a 
differentially pumped vacuum chamber, f) utilizing reflected high energy neutrals and 
sputtering, g) magnetron sputtering source and h) moving magnetron plasma to allow 
uniform bombardment of substrate surface. 
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Figure 2: An ion plating configuration using a DC diode discharge and a thermal 
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Figure 3: An ion plating configuration using a DC diode discharge and a sputtering vapor 
source at ground potential (SIP)(22). 


13.3 BOMBARDMENT EFFECTS ON SURFACES AND FILM GROWTH 


The physical effects of energetic particle bombardment on surfaces and depositing 
film material are very dependent on the mass, flux, angle of incidence, and energy of the 


342 Handbook of Plasma Processing Technology 


bombarding particles and the atomic mass of the target material. Also of importance is the 
flux of non-energetic particles i.e. depositing or adsorbing species. In many cases these 
fluxes are not determined or controlled except by the deposition parameters. 


Figure 4 depicts the effects on the surface and the subsurface region of bombardment 
by energetic species. Surface effects include: 1) desorption of weakly bonded surface 
species, 2) ejection of secondary electrons, 3) reflection of the energetic species as high 
energy neutrals, 4) sputter ejection (physical sputtering) of surface atoms by momentum 
transfer through collision cascades, 5) redeposition of sputtered species by collisions in 
the gas phase or by ionization and acceleration back to the surface and by "forward 
sputter deposition" due to the ejection angle on a rough surface, 6) enhanced surface 
mobilities of atoms on the surface and 7) enhanced chemical reaction of adsorbed species 
on the surface to produce a moditied surface (e.g. plasma anodization) or volatile species 
("reactive ion etching" {RIE} or "reactive plasma cleaning") or, in the case of depositing 
species, "reactive deposition" 
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Figure 4: Schematic depiction of the energetic particle bombardment effects on surfaces 
and growing films. See text for discussion. 


In the subsurface region: 1) the impinging particles may be physically implanted, 2) 
the collision cascades cause displacement of lattice atoms and the creation of lattice de- 
fects, 3) surface species may be "recoil implanted" into the subsurface lattice, 4) mobile 
species may be trapped at lattice defects and 5) much of the particle kinetic energy is 
converted into heat (31,32). Lattice channeling processes can carry these effects deeply 
into the surface. 


The desorption of weakly bound surface species by bombardment is important to 
plasma cleaning and may be used to reduce the incorporated contaminants in deposited 
films (33). The desorption may also be useful in desorbing unreacted species in reactive 
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deposition processes giving rise to more stoichiometric and chemically stable deposits 
(34). 


In the case of dc diode discharges, secondary electrons are accelerated away from the 
cathode and give rise to ionization in the plasma and to electron bombardment of surfaces 
in the system. This electron heating may be detrimental to thin film processing and may 
be reduced or eliminated using magnetron configurations. In addition to being necessary 
for sustaining the discharge in dc diode discharges, secondary electrons may also assist in 
the chemical reaction of reactive species on the bombarded surface. 


When surfaces are subjected to bombardment by high energy ions a portion of the 
particles are reflected as high energy neutrals (8,9). If these high energy particles are not 
thermalized by collisions in the gas phase (35,36) they bombard the growing surface of a 
depositing material giving rise to such film properties as residual compressive stress (e.g. 
37,38). 


The physical sputtering of a surface may lead to surface texturing which give a 
roughened surface (e.g. 39-41). Preferential crystallographic sputtering will result in some 
crystalline orientations being etched at a faster rate than are others giving rise to "sputter 
etching". Preferential atomic sputtering can cause changes in the chemical composition 
of alloy and compound surfaces (42,43). 


Energetic particle bombardment of surfaces can also introduce lattice defects into 
surfaces (44-48). Defect densities of 10-20 atomic percent have been measured using 
desorption techniques. On semiconductor surfaces these defects may act as electron traps 
when an interface is formed (49). In semiconductor device fabrication these types of de- 
fects must be avoided during surface cleaning and film formation (50). 


The heating and formation of lattice defects in the near-surface region increases dif- 
fusion and chemical reaction in that region. The implantation of a mobile bombarding 
species into a surface increases the chemical potential between the surface and the buik 
thereby increasing the diffusion rate of mobile species (e.g. hydrogen) into the bulk of the 
material. 


When a reactive species is present, concurrent energetic particle bombardment en- 
hances chemical reactions with the surface. The nature of this enhancement is poorly 
understood since heating, physical collisions, molecular fragmentation of adsorbed species 
and the presence of energetic electrons (secondary electrons) may each play a role. The 
existence of bombardment enhanced chemical reactions is well established in etching 
studies where the reaction products are volatile (51-53), in reactive plasma cleaning (54) 
and the same effects are found in reactive film deposition processes where the reaction 
products are non-volatile (55). 


13.4 VAPORIZATION SOURCES FOR ION PLATING 


Vaporization sources for ion plating can be of any form including: 1) thermal 
evaporation/sublimation, 2) physical sputtering, 3) molecular dissociation of a chemical 
precursor gas or 4) vacuum and plasma arcs. 
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Thermal vaporization (evaporation or sublimation) can be from resistively heated 
sources for materials which have a high vapor pressure at temperatures of about 
1400°C and below. High current - low voltage electron bombardment may also be used 
to vaporize these materials (56) and has the added advantage that the dense electron 
cloud can ionize a portion of the vaporized material which can then be accelerated ("film 
ions")(57-62). High energy focussed electron beams can be used to vaporize refractory 
materials into a plasma; however, these sources generally require a differentially pumped 
vacuum system so that the high voltage (cathodic) thermo-electron emitter can be isolated 
from the plasma (3). 


Sputtering sources can be fabricated from all of the conventional sputtering config- 
urations (63). In the magnetron sputtering configurations it may be desirable to have an 
auxiliary plasma near the substrate to provide ions for bombardment in that region. 


Chemical precursor gases may be introduced through a plasma chamber (64,65) or 
directly into the plasma (66-68). Ionization of the fragments allow them to be accelerated 
to the substrate where their properties are dependent on the ionization and acceleration 
conditions. This is a means for making "i-C" and "i-BN" materials (69). 


Vacuum arcs utilize material arc-vaporized from a solid cathode or from a molten 
anode to supply the ions for sustaining the plasma (no supporting gas). In these types of 
arcs there is a high ionization efficiencies (15, 70-72). The addition of a gas to the plasma 
environment allows reactive deposition (73). 


13.5 BOMBARDMENT EFFECTS ON FILM PROPERTIES 


Concurrent energetic particle bombardment during atomistic film deposition may 
modify many film properties (e.g. 74-77). The amount of modification will depend on 
both the mass, energy and flux of the bombarding species and the mass and flux of de- 
positing species. In the case of reactive deposition the availability of "activated" species 
and the effect of adsorbed surface species may also be important. The following are some 
of the film properties that can be modified by controlled concurrent bombardment during 
deposition. 


13.5.1 Film Adhesion 


The adhesion of a deposited film to a surface depends on the deformation and fracture 
modes associated with the failure (78,79). Energetic particle bombardment prior to and 
during the initial stages of film formation may enhance adhesion by: removing contam- 
inant layers, changing the surface chemistry, generating a microscopically rough surface, 
increasing the nucleation density by forming nucleation sites (defects, implanted and re- 
coil implanted species), increasing the surface mobility of adatoms and by creating lattice 
defects. Introducing thermal energy directly into the surface region promotes reaction and 
diffusion. These effects will also improve surface coverage and thus decrease the number 
of interfacial voids which result in easy fracture and poor adhesion. Film adhesion may 
be degraded by the diffusion and precipitation of gaseous species at the interface. The 
adhesion may also be degraded by the residuai film stress due either to differences in the 
coefficient of thermal expansion of the film and substrate material in high temperature 
processing or the residual film growth stresses developed in low temperature processing. 
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13.5.2 Film Morphology, Density 


Physical sputtering and redeposition, increased nucleation density and increased sur- 
face mobilities of adatoms on the surface under bombardment conditions may be impor- 
tant in disrupting the columnar microstructure that develops during low temperature 
atomistic deposition processes (80-85, also Chap. 22). Figure 5 shows the fracture 
cross-section and surface morphology of RF sputter deposited chromium films at zero 
bias and with a -500 voit bias during deposition. Note that the bombardment completely 
disrupted the columnar microstructure. Bombardment-related effects may also improve 
the surface coverage and decrease the pinhole porosity in a deposited film. This increased 
film density is reflected in film properties such as: better corrosion resistance, lower 
chemical etch rate, higher hardness, lower electrical resistivity (metals) and the increased 
index of refraction (optical coatings). However it has been found that if the bombarding 
species is too energetic and the substrate temperature is low, high gas incorporation gives 
rise to voids (e.g. 86). Some investigators have used the parameter "resputtering rate" 
(deposition rate with and without an applied bias) as the parameter [or disruption of the 
columnar morphology: however this parameter does not take into consideration the 
backscattering from the gas phase which will be greater the higher the gas pressure and 
so must be used with caution. 
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13.5.3 Residual Film Stress 


Invariably atomistically deposited films have residual growth stresses which may be 
tensile or compressive in nature and may approach the yield or fracture strength of the 
materials involved. The origin of these stresses is poorly understood although several 
phenomenological models have been proposed (87). Generally, vacuum deposited films 
and sputter-deposited films prepared at high pressures have tensile stresses which may be 
anisotropic with off-normal angle of incidence depositions (88). In low pressure sputter 
deposition and ion plating, energetic particle bombardment may give rise to high 
compressive film stresses due to the recoil implantation of surface atoms (38, 89-92). 
Studies of deposited films with concurrent bombardment have shown that the conversion 
of tensile to compressive stress is very dependent on the ratio of bombarding species to 
depositing species (93,94). In plasma processing the residual film stress may be very sen- 
sitive to the substrate bias (80) and gas pressure (38) during deposition in a plasma en- 
vironment. 


Figure 6 shows the residual stress and gas content in sputter deposited chromium films 
as a function of substrate bias. Where rather thick films of high modulus materials are 
involved these stresses must be controlled or spontaneous failure (adhesion, cracking, 
blistering) will occur (79). 
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Figure 6: Residual stress and gas content of an RF sputter deposited chromium deposit 
as a function of substrate bias during RF sputter deposition (80) 


The lattice strain associated with the film stress represents stored energy and this en- 
ergy along with a high concentration of lattice defects may lead to: 1) lowering of the 
recrystallization tempcrature in crystalline materials, 2) a lowered strain point in glassy 
materials, 3) a high chemical etch rate, 4) electromigration problems, 5) void growth in 
metallization lines by creep and 6) other such mass transport effects. 
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13.5.4 Crystallographic Orientation 


Under proper bombardment conditions the crystallographic orientation of the depos- 
ited material is developed such that the more dense crystallographic planes are parallel to 
the bombarding direction (95,96). This effect is attributed to the channeling of the bom- 
barding species into the film thus decreasing the sputtering rate under this orientation. 
Under more energetic bombardment condition however the crystallographic orientation 
is disrupted due to the formation and consolidation of defects. 


13.5.5 Gas Incorporation 


When a depositing film is bombarded during deposition by energetic gaseous particles 
the incorporated gas content is dependent on the particle energy, substrate temperature, 
film material and bombarding species. Generally low mass bombarding particles are more 
easily incorporated than are large mass particles. The gas incorporation increases with 
energy of the bombarding species to the point which eating causes gas desorption. Under 
some conditions very high concentrations of normally insoluble gas may be incorporated 
into the depositing film by concurrent bombardment during deposition. An example is the 
incorporation of 20-40 atomic percent hydrogen and helium in gold (97,98) and the in- 
corporation of krypton in amorphous metals films (99). This incorporation is probably 
due, in part, to the high lattice defect concentration in the bombarded material which 
traps mobile species (45-48). At very high gas contents the gas may precipitate into 
voids. Gas incorporation can be minimized by using low energy bombarding species (i.e. 
less than 100 ev), an elevated substrate temperature during deposition (300-400 0C) 
and/or using higher atomic mass bombarding species (Kr, Xe). 


13.5.6 Surface Coverage 


The macroscopic and microscopic surface coverage of a deposited film on a substrate 
surface may be improved by the use of concurrent bombardment during film deposition. 
The ability to cover compiex geometries depends mostly on scattering of the depositing 
material in the gas phase (36, 101, 102). If gas scattering is extensive then gas phase 
nucleation will occur and the resulting deposit will be poorly consolidated. If a plasma is 
present and the substrate is at a negative potential the gas phase nucleated materials will 
become negatively charged and repelled from the substrate. In addition, bombardment 
will heat, densify and consolidate the deposited material into a high quality film over the 
whole surface. On a more microscopic scale, sputtering and redeposition of the depositing 
film material will lead to better coverage on micron and submicron sized features (86, 
103-105) and reduced pinhole formation. On the atomic scale the increased surface mo- 
bility, increased nucleation density and erosion/redeposition of the depositing adatoms 
will disrupt the columnar microstructure and eliminate the porosity along the column 
boundaries. In total, the use of gas scattering, along with concurrent bombardment, in- 
creases the surface covering ability and decreases the microscopic porosity of the depos- 
ited film materiai as long as gas incorporation does not generate voids. 


13.5.7 Other Properties 


Many other properties of the film material may be changed and improved by 
bombardment during deposition. They include: 1) electrical resistivity of metal films, 2) 
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hardness of hard-coatings, 3) chemical etch rate, 4) corrosion resistance, 5) pinhole 
density, 6) index of refraction of dielectric coatings, 7) color of TiN films, etc. 


13.6 PROBLEM AREAS 


A major problem area in using plasmas for thin film deposition is how to obtain a 
uniform plasma density over a surface so that uniform bombardment and reactive gas 
availability can be attained. Plasma non-uniformity can arise from a number of sources 
including: 1) geometrical arrangement of power input electrodes and substrate fixturing, 
2) substrate geometry, 3) the presence of surfaces that allow recombination and loss of 
species in the nearby plasma and 4) in the case of reactive deposition, reactive surfaces 
that deplete the supply of reactive gas at the growing film surface. 


As a general rule the best plasma system design is one that is geometrically symmetric. 
The SIP system shown in Fig. 3 is a good example of this approach. However, in many 
instances a symmetric geometry is difficult to attain. The use of magnetron configurations 
is an example. The use of a magnetic field to confine electrons and increase the local 
plasma density in one region leads to a decrease in plasma density in other regions. Figure 
7 shows an example of how two independently sustained plasmas may be used to allow 
magnetron sputtering of a source and the use of a hot filament sustained plasma in the 
vicinity of the substrate to provide a plasma from which ions can be extracted to bombard 
the substrate and film. 
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Figure 7: Ion Plating system utilizing a magnetron sputtering source and an auxiliary 
plasma for supplying the ions for bombarding the substrate and depositing film. 


If the part has a very complex configuration the electric field around points and cor- 
ners focus the bombardment giving high erosion rates and heating in these areas. A thin 
region gives poor thermal conductance and results in heating. Holes and reentrant fea- 
tures give low field gradients. In these regions heating will be high and erosion will be low 
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giving poor cleaning and allowing reaction with contamination. Excessive heating can 
sometimes be alleviated by "pulse processing’ where the substrate bias is periodically 
turned on and off. 


In some cases high transparency grids at the substrate potential may be used to sur- 
round the substrate to give a more uniform bombardment over a complex surface. This is 
the basis of the equipment used in the "Ion Vapor Deposition ([VD)" process (106) and 
in the "barrel-plating” ion plating configuration (107). Figure 8 shows a barrel-plating 
configuration used to coat small parts which are tumbled in the rotating cage. A grid 
configuration may also be useful in coating dielectric materials where charge buildup may 
be a problem or in coating moving substrates where electrical contact may be a problem. 
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Generally the equipment used for ion plating is the same as that used for sputter de- 
position except that the substrate is the sputtering target and another vaporization (de- 
position) source has been added. Because of the high "throwing power" conditions often 
used in ion plating systems the insulators of electrical feedthroughs must be carefully 
shielded from deposition or else they will become shorted. These conditions may also lead 
to gas phase nucleation of particles which will deposit on the system walls (called "black 
sooty crap" - BSC by the operators). This material has a very low density and if the 
material is pyrophoric (Ti, Zr etc) the BSC may ignite if disturbed in air. In such a case 
system cleanup should be done wet. 


As with any plasma process, wall effects enhance the desorption of contaminats. This 
contamination, when introduced into the plasma, is "activated" and can be an important 
source of contamination which must be controlled. 
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When using plasmas and bombardment effects there are many processing variables 
that are unknown. Processing unknowns include: 1) the portion of the substrate current 
that is due to secondary electron emission , 2) the flux and energy spectrum of the ions 
and electrons and 3) the flux, adsorption and surface coverage of the neutral gaseous 
species. Generally no attempt is made to determine these process variables during the 
processing but rather they are controlled by controlling other processing variables such 
as: 1) system geometry, 2) deposition rate, 3) gas pressure, 4) gas composition, 5) gas 
flow rate(s), 6) substrate and system temperatures, 7) contaminants in the plasma and 
8) substrate power input per unit area (voltage and current). 


13.7 APPLICATIONS 


There are many applications of the ion plating process some of which are: 


è Obtaining good adhesion - Ag on steel for mirrors, soft metals on surfaces for space 
lubrication, Ag on Be for diffusion bonding, Cu & Au on Ta and Mo for subsequent 
brazing, Cu-on- ceramic metallization 


è Metallization - Al, Ag, Au on plastics and semiconductors 


è Good surface coverage on complex surfaces - TiN on tool bits, injection molds and 
jewelry items; semiconductor metallization 


e Good reaction and stoichiometry - TiN on tool bits, injection molds (hardness, 
wear); jewelry items (TiN - color) 

è Corrosion protection - Al on U, steel & Ti (galvanic); C and Ta on biological im- 
plants 


e Abrasion resistance - MgF, coatings on plastics, i-c 


è Deposition of diffusion barriers - HfN & TiN on semiconductor devices 


13.8 SUMMARY 


Like any deposition technique the ion plating process has its advantages and disad- 
vantages. They include: 


è Advantages: 
e Excellent surface covering ability (throwing power) under the proper condi- 
tions 
e Ability to have an in-situ cleaning of the substrate surface 
ə Ability to obtain good adhesion in many otherwise difficult systems 


ə A great deal of flexibility in tailoring film properties by controlling 
bombardment conditions 


e Equipment requirements are roughly equivalent to those of sputter deposition 
è Disadvantages: 
ə Many processing parameter that must be controlled 


ə Processing may be very dependent on substrate geometry and fixturing 
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e Obtaining uniform bombardment and reactive species availability over a com- 
plex surface may be difficult 


ə Gas incorporation may be excessive 
e High compressive stresses may be generated in the bombarded film 
ə Substrate heating may be excessive 


e Contaminats are desorbed from surfaces and "activated" in the discharge and 
can contaminate deposited material 


In order to achieve the desired film property modification there must be an appreci- 
able ratio of bombarding particles to depositing species. This ratio must be much higher 
to disrupt the columnar morphology than is necessary to change the film stress. The 
necessary bombardment conditions for each application are usually determined empir- 
ically and controlled by controlling the processing geometry and parameters. A typical 
condition to control film stress might be a substrate bias of -50 to -100 volts DC, a current 
density of ImA/cm? and a deposition rate of 10 nanometers per second. For columnar 
structure disruption and maximum covering ability a "resputtering rate" might be as high 
as 30%. 


High voltage pulsing of substrates immersed in plasmas is being studied as a way to 
modify surfaces by ion bombardment (108). This technique could be used in ion plating 
to allow periodic bombardment of the depositing film material. The ion plating process 
provides an alternative film deposition technique which should be evaluated for specific 
applications. 
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lonized Cluster Beam (ICB) Deposition 
Techniques 


Isao Yamada 


14.1 INTRODUCTION 


Ionized Cluster Beam (ICB) techniques utilize small clusters of atoms, rather than 
individual atoms, to form thin films on substrates. Clusters of atoms can have unique 
physical and chemical properties, quite unlike the atomic fluxes and unlike the liquid or 
bulk states of the film. As a result of the unique properties of small clusters, numerous 
new applications in plasma physics, atomic and molecular physics, surface science, and 
thin film formation become available. The clusters used in this work number from a few 
hundred to a few thousand atoms. In a cluster this size, a large percentage of the atoms 
are located at or within a few layers of the cluster surface. Therefore, the overall structure 
of the cluster is dominated by the surface atoms, and we should consequently expect that 
the physical and chemical properties of the cluster are much different from those of bulk 
and liquid (1). 


The ICB deposition technique has several features which can be attributed both to the 
unique properties of small clusters and to aspects of the cluster acceleration process (2,3). 
One of the most significant properties of the ICB deposition technique is an apparent 
enhancement of the surface adatom migration or diffusion in the depositing film. The ICB 
deposition process also allows the gradual increase in cluster (or atom) energy. The ef- 
fective kinetic energy for each depositing atom can be increased easily from thermal en- 
ergies up into a range similar to sputtering. This great sensitivity will be quite important 
to modifying or tailoring the properties of thin films. 


The importance of low energy ion beams for film formation can be easily understood 
when we recognize that the binding energies of the atoms in a solid are in the range of a 
few eV per atom. For atoms evaporated from thermal sources, the Kinetic energies cor- 
respond roughly to the temperature of the source and are approximately 0.01-0.1 eV, or 
much less than binding energies of the film atoms. A strong effect can be expected, 
however, as the result of bombarding by accelerated ion or neutral atom beams, even at 
energies of only a few eV which correspond to binding energies. The clusters in the ICB 
technique initially have thermal energies on the order of 0.1 eV per atom. For a cluster 
of a few hundred to a thousand atoms, this corresponds to less than 100 eV per cluster. 
If the cluster is ionized and accelerated by a few hundred to many thousands of volts, the 
average energy for each atom can be increased from the initial thermal energies up to the 
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binding energy of the film atoms and beyond. By working with these high acceleration 
potentials, space charge problems are strongly reduced, and high fluxes can be achieved. 


14.2 EXPERIMENTAL TECHNIQUES 


In the Ionized Cluster Beam technique, small clusters of a few hundred atoms each 
are formed in a source, using techniques somewhat similar to evaporation. As the clusters 
leave the source, they drift through the vacuum chamber under conditions of pressure low 
enough that there are no collisions with gas atoms or other clusters. Upon reaching a 
surface, the clusters condense to form a film. Often the clusters are intentionally ionized 
in the drift region and accelerated by electric fields to the sample. This acceleration in- 
creases the net kinetic energy of the cluster, and can have an effect on the properties of 
the depositing film. 


The design of an ICB system is broken up into four regions. These are the source re- 
gion, where the clusters are formed; the ionization and acccleration region; a drift region; 
and finally the substrate. A typical schematic of the ICB system is shown in Fig. 1. These 
systems operate typically in the 10-5 to 10-7 Torr region (10-3 to 10-5 Pascals). 
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Figure 1: A typical Ionized Cluster Beam (ICB) system. The vacuum system and cham- 
ber, as well as the power supplies are omitted for clarity. 


In the source region, the clusters are formed by an adiabatic expansion and 
condensation process (4,5). The nozzle diameter D of the crucible has to be larger than 
the mean free path A between vapor atoms in the crucible (Fig. 2). This causes a viscous 
flow in the nozzle region. In the case where the nozzle diameter is smaller than the mean 
free path of the vapor atoms (molecular flow), there are few, if any, collisions between 
atoms in the nozzle region and agglomeration or clustering of the vapor atoms will not 
occur. The ratio of the vapor pressure P, in the crucible to the vapor pressure P outside 
the crucible (in the chamber) must be larger than 10? — 105. Therefore, if film deposition 
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in the 10-7 to 10-5 Torr range is desired, it is necessary to operate the inner pressure in 
the crucible in the range of 10-7 to 1 Torr. To cause a sufficient number of collisions in 
the nozzle to form clusters, it is necessary to make the nozzle thickness-to-diameter ratio 
(L/D) in the range of 0.5 to 2.0. This serves to keep the ratio of the chamber pressure P 
to the crucible pressure P, high, allowing for low pressure depositions. A simple nozzle 
shape is cylindrical, with a diameter D and length of 1-2 mm, which is sufficient to form 
a beam of clusters with a high drift velocity. Multiple nozzle sources may also be used for 
uniformity and throughput considerations. The range of the source temperature is deter- 
mined in order to produce the vapor pressure P, of the order of 10-? to a few Torr. The 
crucible can be heated by either resistive heating, electron bombardment heating or by 
hybrid methods according to the application purposes. 
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Figure 2: A schematic of the nozzle region for an ICB source. Typical parameters are a 
nozzle diameter, D, of 2 mm, the nozzle thickness, L, of 0.5 mm. the internal vapor 
pressure, P, of a few Torr, the mean free path for the vapor atoms, A = 0.2mm and a 
chamber pressure of 10-5 Torr. The crucible can be heated by a number of means, and is 
generally constructed of graphite and refractory metals. 


The kinetic energy of the clusters upon leaving the source region can be considerably 
higher than for either single atoms or simple groups of atoms evaporated from an open 
hearth at the same temperature. The kinetic energy is also dependent on the nozzle di- 
mensions. An example of this is shown in Fig. 3 for the case of Ag clusters. For the top 
curve, the nozzle was opened to 8 mm, which is effectively equivalent to an open hearth. 


The clusters are ionized by an electron impact in an ionization electrode region lo- 
cated just above the expansion nozzle. The ratio of number of ionized clusters to the total 
number of clusters can be adjusted by changing the electron emission current I, in the 
ionization region. In general, the clusters only become singly ionized by this technique due 
to the low currents. The degree of ionization is defined as the percent of the total cluster 
flux which is ionized. In a typical system, (6) the degree of ionization obtained for a single 
nozzle is 5-7% at I, = 100mA, 7-15% at I, = 150mA and and 30-35% at I, = 300mA. 
The ionized clusters are accelerated by the electric field caused by the potential V, on the 
accelerating electrode located just outside the ionization region. Typically this electrode 
would operate at a potential of a few hundred to several thousand volts negative w.r.t. 
the system ground. The accelerated ionized clusters bombard the substrate together with 
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neutral clusters which are not ionized in the ionization electrode system. The ionized 
clusters have a kinetic energy corresponding to the acceleration voltage, whereas the 
neutral clusters have a kinetic energy corresponding to the ejection velocity. The trajec- 
tory of the ionized clusters is controlled to obtain a wide and uniform bombardment on 
the substrate by optimizing the aspect ratio (L/D) of the nozzle or by adjusting the ac- 
celeration voltage applied to the acceleration electrode. The uniform radiation by cluster 
ions of the depositing film is critical in cases where the film properties are dependent on 
the bombardment by the ions. 
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Figure 3: The energy distribution measured using an electrostatic, 90° energy analyzer 
for Ag clusters for various nozzle diameters. The internal vapor pressure in the crucible 
was held constant at 1.25 Torr. 


The shape and spacing of the acceleration electrodes can be optimized by modeling 
the ion trajectories through the acceleration region to give the best beam uniformity. One 
acceleration design is shown in Fig. 4, consisting of a grid, an ionization electrode (part 
of the electron source for ionization of the clusters), an intermediate electrode and the 
acceleration electrode. It should be noted that the optimum voltage on each electrode is 
interrelated. The best or optimum focussing conditions result in a broad, uniform beam 
at the sample. 


Typically these substrate mounts are radiation-heated, and contain a thermocouple for 
the measurement of sample temperature. It is also usually desirable to measure the current 
to the sample as a means of monitoring the deposition process. There can also be rate 
monitors of various designs in the sample region. 
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Figure 4: Trajectories for 
Ag clusters in a multiple- 
aperture acceleration sys- 
tem. In this case, the 
optimum voltage is applied 
to the intermediate 
electrode. 
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By introducing a reactive species during ICB operation, it is possible to reactively 
deposit compound thin films. This allows the deposition of oxide, nitride, hydride or 
carbide films, for example, while still using relatively simple elemental sources. During a 
reactive ICB deposition (RICB), an appropriate reactive gas is introduced into the 
chamber at a pressure of 10-5 to 10-* Torr (7). In this low pressure region, no plasma is 
produced in the acceleration or drift regions, as is the case with Activated Reactive 
Evaporation (ARE) (8) or ion plating techniques. At higher pressures where a plasma is 
formed, the clusters are rapidly destroyed by collisions with energetic particles. This 
eliminates the advantages of using the cluster technology. The chemical reactions at these 
pressures all take place at the depositing film surface on the sample. The deposition rate 
of clusters must be carefully controlled along with the partial pressure of the reactive gas 
to control the film stoichiometry. 


Multiple ICB source operation is possible due to the low chamber pressure during 
operation. (Fig. 5) (9). Multiple source operation is applicable for the deposition of al- 
loys, and in particular those alloys whose components have radically different melting 
points and vapor pressures. A good example of a relevant compound is GaAs. In a 
multiple-source system, the sources operate completely independently, and can be used 
simultaneously to form compounds, or in sequence to form multilayer or superlattice 
films. 
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Figure 5: A typical arrangement for a ICB deposition with two sources. Each of the 
sources is completely independent during operation. 


14.3 FILM DEPOSITION WITH ICB 


Films deposited by conventional evaporation often differ radically from films of the 
identical material deposited by physical sputtering, even though in both cases the depos- 
iting atoms are arriving at the surface singly or in very small groups. It is therefore not too 
surprising that films deposited by the ICB technique can have very different qualities than 
either evaporated or sputtered films. In addition, it should be obvious that by changing the 
kinetic energy of the cluster from effectively a hundred eV or so to many thousands of 
eV, the physical properties of the deposited films can also be drastically altered. 


The surface binding energy of the adsorbed atom, the nucleation density or critical 
size for surface nucleation and the level of surface mobility of the adsorbed atom are all 
critical to the film formation process. The sticking coefficient is a term describing the 
effective probability of the arriving, condensing atom to be adsorbed on the substrate 
surface. Such factors as the substrate temperature, the arrival rates of condensing atoms 
and energetic ions, the presence of impurities and the crystalline orientation of the suface, 
and even the presence of electric charge on the arriving species will influence the film 
growth process. 


In the case of ICB, a number of features are quite different from conventional evap- 
oration, and these features must be included in discussions of the basic film deposition and 
modification mechanisms. Clearly there is a significant difference compared to evapo- 
ration in the arrival of atoms in the form of large clusters to the film surface. In addition, 
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the additional kinetic energy of the clusters, when ionized and accelerated, must be con- 
sidered, as must the possible effects of the electronic charge those clusters carry. Some 
of the effects that can be attributed to the ICB technique include: (a) creation of acti- 
vated centers for nuclear formation, (b) sputtering or in-situ cleaning, (c) substrate sur- 
face heating (higher effective surface temperature), (d) very shallow ion implantation, 
and (e) enhancement of adatom migration. 


The use of ionized clusters in the ICB technique has certain advantages over both 
conventional evaporation and sputter deposition as well as low energy ion beam deposi- 
tion. One fundamental difference is the low effective charge-to-mass ratio. Generally only 
one atom in a cluster of many hundred atoms is ionized. Therefore, space charge effect- 
based problems that can occur with low energy ion beam deposition techniques are sig- 
nificantly reduced. In addition, the charging problems that can occur with highly ionized 
ion beams can be reduced or eliminated. The other basic phenomena of critical value to 
the ICB technique is the reduced internal binding of the cluster atoms. Due to this lower 
level of interatomic binding, upon collision of the cluster with the sample the cluster atoms 
are more easily dislodged from the cluster for the purpose of surface diffusion. One result 
of this effect is the ability to deposit epitaxial thin films at substrate temperatures signif- 
icantly below those of conventional evaporation techniques. 


The initial kinetic energy of the ionized cluster upon impact with the surface can result 
in several phenomena, including: (a) an increase in the local temperature at the point of 
impact, (b) a possible implantation of cluster atoms into the bulk of the film, (c) at high 
enough energies, physical sputtering or desorption from the surface, (d) increased surface 
diffusion of the surface and cluster atoms, and (e) the creation of activated sites or de- 
fects to be nucleation points for film growth. The presence of ions in the arriving particle 
flux to the surface can have a great influence on critical parameters in the condensation 
process, such as coalescence and nucleation, and chemical reactions of the condensing 
atoms with bulk or gas phase atoms. 


The magnitude of these effects can be modified by adjusting the acceleration voltage 
and the content of the ionized clusters in the total flux. An optimum value of the kinetic 
energy of ionized and accelerated particles in film formation is estimated to be in the 
range of a few to a hundred eV/atom under the good quality film deposition conditions. 
However, some amount of defects and displacements of atoms are often effective at the 
initial stage of film formation. Therefore energies above the damage threshold can often 
be of great value to film formation. In addition, the optimum energy may vary according 
to the required characteristics characteristics of the film, such as mechanical properties, 
optical properties, or morphology and the combination of deposit and substrate materials. 


14.3.1 Kinetic Energy Range of ICB and Effects of the Kinetic Energy 


The clusters have been analyzed in-flight by electron diffraction techniques and found 
to have an amorphous structure. The constituent atoms are considered to be loosely 
coupled to one another compared to those in the crystalline state. An ionized cluster ac- 
celerated to an appropriate energy will break up upon striking the sample surface with the 
kinetic energy distributed for the most part evenly to the individual atoms. The migration 
of the atoms on the substrate surface has an important role in the film formation kinetics. 
Moreover, the ICB deposition process allows the production of equivalently low energy 
and high intensity ion beams without space charge problems. 
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The degree of surface disorder during the deposition process can have a significant 
effect on the film nucleation process. The surface crystallinity of Si substrates bombarded 
by Al clusters was measured by ion channeling after the Al film was removed by chemical 
etching. A Si substrate bombarded by a 500 eV Ar ion beam to a dose of 
2x10Sions/cm? was also examined for comparison. Figure 6 compares the number of 
displaced atoms for the same cases (10). The results show that the displacement of surface 
atoms induced by the Al ICB bombardment is much smaller than that caused by the Ar 
ion bombardment. Actually, the disorder caused by ICB bombardment is much smaller 
than that produced by the naturally occurring oxidized layer. It can be concluded that the 
kinetic energy of the individual atoms in an accelerated cluster as it impacts the surface 
appear no larger than the order of a few 10’s of eV per atom. 
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For an actual film deposition by using the ICB technique, the kinetic energy of the 
accelerated clusters produces effects such as the following: (1) formation of preferential 
nucleation sites, (2) surface cleaning by desorption or sputtering, (3) very shallow ion 
implantation, (4) surface heating at equivalently high temperature, and (5) adatom mi- 
gration. These effects have been confirmed experimentally. 


The spatial density of the nuclei at early stages of film growth has been observed to 
be dependant on the kinetic energy of the incoming clusters with ICB. By increasing the 
kinetic energy of the ionized clusters, the density of nuclei is increased monotonically at 
first and then becomes constant. Fig. 7 shows a plot of the number of nuclei as a function 
of the acceleration voltage on the cluster. The increase in the density of nuclei at higher 
acceleration voltages is attributed to the effect of ion bombardment. At a high deceler- 
ation voltage (on the sample) greater than 300 V, the increase of nuclei density is con- 
sidered to be due to electron bombardment. The spatial density of nuclei on the surface 
is considered to be determined mainly by such factors as the deposition rate, the presence 
of charges, structural defects, ion bombardment, and statistical fluctuations in the super- 
saturation conditions. In these experiments the deposition rate and the ionization ratio 
were kept constant. Therefore it is reasonably assumed that ion bombardment and the 
resulting creation of surface defects produced the increased number of nuclei (11). 
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Figure 7: A plot of the number of nuclei (per unit area) as a function of acceleration 
voltage for the clusters. The initial energy of the clusters is approximately 100 eV. 


Surface cleaning or sputtering effects can also be clearly seen by comparing the Si 
epitaxial growth in an ultra high vacuum (UHV) and a high vacuum chambers. In the 
epitaxial growth of Si on an atomically clean and well-ordered silicon surface in the UHV 
chamber, only a 200 V acceleration voltage was sufficient to deposit partially epitaxial 
films at a substrate temperature (T,) of 500°C. By increasing the acceleration voltage, 
an improvement of the crystalline quality could be obtained. For the identical deposition 
case in the high vacuum chamber, the results were quite different. The chamber was 
evacuated by an oil diffusion pump to a base pressure of 10-7 — 10-6 Torr. In this system, 
an acceleration voltage of at least 6 kV was necessary before the deposited films attained 
a degree of epitaxy. An amorphous or polycrystalline structure is formed in a range of 0 
-4 KY. In this deposition, no special cleaning process except for chemical cleaning was 
used prior to the deposition. In this case, higher acceleration voltage is required in order 
to sputter the native oxide and to remove adsorbed residual gas atoms on the substrate 
surface during the deposition. From the Rutherford backscattering spectra using 185 keV 
H+, it was found that the film prepared with clusters accelerated to 6 keV has no oxygen 
at the interface between the film and the substrate (12). 


To measure the enhancement of the surface mobility for a condensing atom, the very 
early stages of film deposition were examined. In this experiment, Au was deposited onto 
a silicon oxide (SiO) film which had been deposited on an NaCl substrate. The substrate 
surface was partially covered with a cleaved NaCl plate to study shadowing at the cleaved 
edge. The average spacing between the SiO and the NaCl cover was about 804m. The 
gold was deposited both by the ionized-cluster beam technique and by conventional vac- 
uum deposition. Fig. 8 shows electron micrographs of the deposited Au film near the edge 
of the penumbra. In the case of ionized-cluster beam deposition, the deposited gold par- 
ticles were observed to have migrated under the cleaved NaCl cover. 
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Figure 8: Electron micrographs of the deposited film clusters under an overhanging edge 
as a function of cluster acceleration voltage. 


Even when the acceleration voltage was zero, the migration distance of the deposited 
particles was greater than in conventional evaporation technique. The increased mi- 
gration distance could be the result of the breaking up of deposited clusters into atoms 
upon impact with the film surface. 


These and related results strongly suggest that the acceleration of the clusters during 
ICB influences the dynamic processes in the film formation. These dynamic processes 
include the breaking of clusters into atoms upon bombarding the substrate surface, sput- 
tering of impurities from the substrate surface, formation of activation centers for nuclear 
formation, adatom migration, and shallow implantation. In ICB deposition these proc- 
esses can be controlled by changing the acceleration of ionized clusters and the content 
of ionized clusters in the total flux, and consequently the physical properties of the de- 
posited films can be controlled. 


14.3.2 Film Deposition by Reactive ICB Techniques 


Compound films, such as oxides, nitrides or hydrides, can be deposited by introducing 
the appropriate reactive gas species into the vacuum chamber during the ICB deposition 
process. The partial pressure of the reactive gas is typically on the order of 10-5 —10-4 
Torr. A fraction of the reactive gas introduced into the chamber is ionized and dissociated 
in the ionization region of the ICB source. These species can become active and may 
contribute to the reaction at the film surface. 
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Reactive ICB (RICB) deposition mechanisms have been studied (13) by examining 
the deposition of amorphous, hydrogenated silicon (a-Si:H). In this case, silicon clusters 
were deposited in a hydrogen ambient at 10-5 Torr. At this pressure range, there are few 
gas phase collisions of the hydrogen molecules with the Si clusters, and the reactions take 
place predominantly at the film surface. The reaction rate appeared to increase with the 
acceleration voltage on the clusters. Since the background gas pressure before introduc- 
ing the hydrogen gas was 5x10~’ Torr, the main particles impinging on the substrate sur- 
face are ionized and neutral silicon clusters from the ion source, and the mixed hydrogen 
gas and doping gases that are introduced into the chamber through the leak valves. Some 
fraction of the hydrogen molecules are ionized and dissociated in the ionization section 
of the cluster beam. Therefore, the flux of hydrogen to the sample surface consists of a 
range of atoms, molecules and ions. Under typical deposition conditions, the arrival rate 
of Si atoms (within the clusters) was on the order of 1015 — 101° atoms cm~? sec-!, as 
calculated from the measured silicon ion-current to the substrate. The ratio of the hy- 
drogen atoms to the hydrogen molecules was estimated from the change of H and H, 
peaks in a mass spectrum when the electrical input power into the source was varied. 
From these measurements, the bombardment rate of H, molecules to the sample was ap- 
proximately 1016 molecules cm~? sec-! and the bombardment rate of dissociated hydrogen 
atoms was estimated to be 10!5 atoms cm? sec-! . The rate of impinging hydrogen ions is 
three orders of magnitude smaller than that of molecular hydrogen. It is not clear yet 
which state of hydrogen is dominantly involved in the hydrogenation process, but it seems 
reasonable to consider that hydrogen atoms could have a considerable influence in pro- 
viding uniform hydrogenation. For doped film formation, the hydrogen gas was mixed 
with phosphine or diborane on the order of 5000 ppm sequentially in the same chamber. 
No problems arose as a result of the residual reactive gas used in previous processes. 
Doped films of either p or n type could be reproducibly deposited at practical deposition 
rates. Subsequent structural analysis showed that the films mainly consisted of 
monohydrides. The density of monohydrides can be increased by accelerating the Si 
clusters to a higher acceleration voltage. For both this case and the parallel case of oxide 
and nitride RICB deposition, operation at a gas pressure of less than 10-5 — 10-4 Torr 
was sufficient to cause sufficient surface chemical reactions to form the compound films 
without forming a plasma within the chamber. 


14.3.3 Film Deposition by Simultaneous Use of ICB and Microwave lon Sources 


Concurrent ion bombardment by means of an ion source during the deposition with ICB 
techniques was first proposed in 1973 (14). Along these lines, the simultaneous use of 
a microwave ion source and an ICB source has been developed. This technique is at- 
tractive because the reactive gas ion energy and the current can be controlled independ- 
ently from the ICB source operation. Therefore, the reactivities of the gases can 
potentially be enhanced by this method. 


Fig. 9 shows a schematic diagram of the simultaneous system consisting of the 
microwave ion source and the ICB source. The details of the microwave ion source are 
not important to this discussion and have been described elsewhere (15). The microwave 
source requires permanent magnets around the discharge chamber. The source operation 
can be set to the Electron Cyclotron Resonance (ECR) condition which results in a very 
high density plasma. The gas ions are extracted by the extraction electrode applied at 
Vex = 3 — 15 kV and the extracted ions are then subsequently decelerated down to 500 
eV by the retarding field produced between the source and the substrate holder. 
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This system was used for the deposition of AIN films, High purity Al metal and 
N, gas were used as source materials. Sapphire (0001) and p-type Si (111) were used as 
substrates. The substrate temperature (T,) was 100°C. The films deposited with neutral 
N, (rather than accelerated ions) were opaque and not characteristic of reacted AIN. 
Films deposited with concurrent Nj were clear and had high optical transmittance. 
Measurements by Rutherford Backscattering Spectroscopy (RBS). suggested a compo- 
sition ratio in these cases of AIN. 


As an example of oxide film formation using this same technique, Al,O, films have 
been deposited. For the case of neutral Al-clusters and O, gas, the transmittance of the 
film is low particularly at small wavelengths, suggesting that pure AlO, has not been 
formed. 
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Figure 9: Schematic of the ICB deposition system with simultaneous ion bombardment 
from a microwave ion source. 


On the other hand, the films deposited with neutral Al clusters and O, ions had signif- 
icantly higher transmittances. Also, in the case of the film deposited with both O, ions 
and ionized Al-clusters the film was transparent and its transmittance approached that of 
the sapphire substrate. It was found from RBS measurements that the composition ratio 
of oxygen to Al in these last films was 0.67, and that stoichiometric Al,O, films were 
formed. The film prepared at an incident energy of 500 eV for O, ions and an acceler- 
ation voltage of 0.5 kV for Al clusters was found to be thermally stable even after 
annealing at 1000°C. The refractive index (n) is found to increase with increasing ion 
energy. In addition, the same increase in refractive index for ionized, accelerated clusters 
compared to neutral clusters was found in this case as was found in the case of AIN 
(above). The etching rate of these films in 5% HF solutions is found to decrease as a 
function of increased cluster acceleration voltage. In particular, in the case of using both 
O, ions and ionized Al-clusters, the film prepared at an incident energy of 500 eV was 
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not etched at all in the 5% HF solution. This indicates that the higher incident energy 
such as 500 eV may increase the packing density of the film. 


14.4 SUMMARY 


The deposition of thin films by means of beams of large clusters of atoms rather than 
individual atoms has been shown to have numerous advantages over other deposition 
techniques. The clusters are generally formed by condensation during the expansion of a 
vapor through an aperture into high vacuum. Ionization of the clusters in flight and sub- 
sequent acceleration of the clusters to the film surface has also been found to be a sensi- 
tive technique for the modification of the properties of the deposited film. These 
techniques are equally applicable to reactive deposition of compound materials, in which 
clusters of one species are deposited in the presence of background gas atoms and ions 
of a reactive species. 


The critical features of the ICB technique are the control of the cluster kinetic energy 
through ionization and acceleration, and the subtle characteristics of the clusters them- 
selves. The clusters are characterized by lower levels of inter-atomic bonding than the 
solid phase, This reduced bonding apparently allows increased surface mobility of the at- 
oms upon arrival at the film surface, compared to conventionally evaporated films. One 
result of these effects is a greatly lowered temperature for the deposition of epitaxial films, 
compared to evaporative of MBE techniques. 


The control of the cluster kinetic energy, through partial ionization of the clusters and 
subsequent acceleration by an electric field, results in a broad degree of control in the 
effective kinetic energy of each of the atoms that arrives at the film surface. In addition, 
due to the high mass-to-charge ratio of the clusters, such aspects as space charge limited 
current flow are avoided in most cases and charging effects are reduced significantly. The 
broad range of energy control is not possible in other techniques such as evaporation or 
sputtering. 


The Ionized Cluster Beam techniques have been shown to be valuable additions to the 
realm of thin film deposition techniques. The processes are well characterized and reliable 
equipment is available from a number of sources. The films deposited by these techniques 
are often superior to those deposited by either evaporation or sputtering, and the range 
of control of the process exceeds other techniques by a great margin. It is hoped that the 
technique will find greater acceptance and recognition in the future as its features become 
even more advanced and more and more of the thin film community becomes familiar 
with the technology. 
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The Activated Reactive Evaporation (ARE) 
Process 


Chandra V. Deshpandey and Rointan F. Bunshah 


15.1 INTRODUCTION 


A major advance in the technology for the deposition of refractory compounds such 
as carbides, oxides, nitrides and sulfides has been the development of and advances in 
plasma-assisted deposition processes (1). The plasma-assisted chemical vapor deposition 
(PACVD) or plasma-enhanced chemical vapor deposition (PECVD) process has found 
extensive applications in the microelectronics industry (see Chap. 10). Remarkable ad- 
vances have also been made in the plasma-assisted physical vapor deposition (PAPVD) 
processes and applications have been developing in such areas as microelectronics, 
tribology, and superconducting films. 


Evaporative deposition and sputter deposition are the two basic physical vapor depo- 
sition (PVD) processes. The vapor species are produced by thermal means in evaporation; 
and by momentum transfer in sputtering. Ion plating, in which ions are created from the 
background gas during evaporation and accelerated to the sample, is a hybrid process 
where the primary emphasis is on the changes in the microstructure, the surface coverage, 
the composition and the residual stresses of the deposited film produce by ion 
bombardment during growth. (Please see Chap. 13 for an extensive discussion of ion 
plating processes.) The substrate-film interface can also be significantly affected by the 
ion bombardment in the initial stages of deposition. 


The increasing use of plasmas in deposition technology in the past few years has 
stemmed from the stringent requirements of low temperature processing in modern 
microelectronics and optoelectronic industries. The plasma is a convenient insitu source 
of activated gas atoms and molecules, and energetic neutrals and ions, which can be used 
to overcome the activation energy barrier for a particular chemical reaction. It thus be- 
comes possible to synthesize a given compound in a plasma environment at a relatively 
low substrate temperatures, compared to a non-plasma, thermal process. A variety of 
plasma assisted techniques and modification have therefore been developed to deposit 
required films under the given processing constraints (1, and Chap. 13). 
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Evaporation-based plasma assisted techniques offer the control and flexibility neces- 
sary to deposit thin and thick films of alloys, compounds, and novel metastable materials 
(2). In this chapter, we shall examine the development and current status of the activated 
reactive evaporation (ARE) process for the deposition of a variety of compound films. 


15.1.1 Historical Developments 


The need for good quality compound films was felt early during the development of 
optical interference filters. This provided the stimulus for research and development of 
suitable techniques to synthesize these films with controlled optical properties. Conse- 
quently reactive evaporation, flash evaporation of compounds and reactive, as well as 
plasma enhanced reactive evaporation processes were developed. A brief review of the 
development of the these processes is given below. 


The historical origins of the reactive evaporation processes go back to 1907 when 
Soddy (3) found that calcium vapor reacted with gases other than inert gases. The use 
of reactive evaporation processes in the deposition of oxide films dates to the pioneering 
work of Brismaid et al (4) in 1957 and Auwarter (5) in 1960 who studied the deposition 
of oxide films by the reaction between metal or suboxide vapors and oxygen gas. 
Auwarter (5) also suggested that the reactivity can be enhanced by separate ionization 
of the oxygen gas molecules using an electrical discharge, prior to interaction with the 
metal atoms, 


Other work on reactive evaporation processes without ionization of the reactive gas 


(a) Herrick and Tevebaugh (6) deposited copper oxide films by vaporization of 
copper from resistance heated sources in an oxygen atmosphere (1963). 


(b) Novice et al (7) and Schilling (8) deposited Al,O; films by reactive evaporation 
from a resistance heated aluminum sources in the presence of oxygen (1964). 


(c) Ritter (9) produced thin films of SiO, and TiO, by reactive evaporation of Si, 
Ti, SiO and TiO from resistance heated sources in the presence of 10-4 to 10-3 Torr 
partial pressure of oxygen (1966). 


(d) Ferrieu and Pruniaux (10) produced Al,O, by reactive evaporation of Al in an 
atmosphere of water vapor at 10-! Torr in the reaction zone (1969). 


(e) Rairden (11) prepared thin films of NbN and TaN by evaporation of Nb and Ta 
from an electron beam heated source in an N, partial pressure of 10-4 to 10- Torr, 
and AIN by evaporation of Al in NH, atmosphere (12) (1969). 


(f) deKlerk and Kelly (13) produced CdS and ZnS films by co-evaporation from two 
independent sources of Cd and S and condensation on a substrate at temperatures 
between 50 and 200°C(1965). 


(g) Learn and Hag (14) produced B-SiC by reactive evaporation of Si in a C,H, at- 
mosphere (1970). 
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(h) Itoh and Misawa (15) produced TiC by evaporation of titanium from an 
electron-beam-heated source in CH, or C,H; as the reactive gas. They also depos- 
ited AIN films by reaction between aluminum atoms and NH, gas (1974). 


(i) Abe et al (16) deposited TiC films by reaction between titanium atoms evapo- 
rated from a resistance-heated filament and C,H, or C,H, as the reactive gases 
(1982). 


Examples of reactive evaporation processes where the reactive gas was ionized in a 
separate chamber (located inside or outside the vacuum system) are: 


(a) Auwarter (5) studied the deposition of thin films oxides of Si, Zr, Ti, Al, Zn, Sn 
by reactive evaporation of the metal from resistance heated sources in a partial 
pressure of oxygen gas. Ionization of the oxygen gas outside the reaction zone by 
glow discharge between two electrodes is claimed to increase the "affinity" between 
the gas ion and the metal compound, i.e., enhance the probability of formation of 
metal compounds. Deposition rates of about 0.2um min~! were obtained. 


(b) Wank and Winslow (17) deposited films of AIN by evaporating films of Al from 
an rf heated BN crucible and reacting the Al deposited on the substrate with N, gas 
which has been dissociated by 60 Hz a.c. discharge at the end of the gas feed tube. 
Deposition rates of 0.1 to 0.24m min-' were obtained (1968). 


(c) Kosicki and Khang (18) produced GaN thin-films by depositing pure Ga from 
a resistance heated source onto a substrate in the presence of activated N, gas. The 
N, gas was made chemically active by partial dissociation in a microwave discharge 
located away from the source and the substrate. Deposition rates of 0.2 and 0.3 
pm mint were obtained (1969). 


(d) Heitmann (19,20) used a hollow cathode discharge in a glass chamber to ionize 
oxygen gas and deposit films of SiO}, SiO,N, and TiO, (1971). 


(e) More recently, Kuster and Ebert (21) have used a modification of the method 
by Heitmann to deposit TiO, layers and study their optical properties. These re- 
searchers refer to this process as the Activated Reactive Evaporation Process 
(1980). 


(f) In an excellent and detailed paper by Ebert (22), the deposition of 
TiO,, BeO, In,O;, SnO,, and SiO, coatings using ionized oxygen gas is described 
(1982). 


At this time it should be pointed out that there is an important distinction between the 
Reactive Evaporation processes using an ionized gas stream (as detailed above) and the 
Activated Reactive Evaporation (ARE) process. In the ARE process, ionization of both 
the metal vapor and the reactive gas or gas mixture occurs in the Reaction Zone which is 
defined as the space between the metal vapor source and the substrate, unlike the other 
plasma enhanced evaporation processes discussed above where only the reactive gas is 
separately ionized. This characteristic of the ARE process and its significance in film 
growth by this techniques will be discussed in depth in a later section. 
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15.2 EVAPORATION PROCESSES FOR THE DEPOSITION OF COMPOUND FILMS 


Evaporation processes for the deposition of compounds can be subdivided into two 
types: (a) direct evaporation where the evaporant is the compound itself and (b) reactive 
evaporation where metal or compounds of a metal in a low valance state is evaporated in 
the presence of a reactive gas to form a compound, e.g., Si or SiO evaporated in the 
presence of O, to form SiO., or Ti evaporated in the presence of N, to form TiN. 


15.2.1 Direct Evaporation 


Evaporation can occur with or without dissociation of the compound into fragments. 
The observed vapor specie show that a few compounds evaporate without dissociation. 
Examples are SiO, MgF,, B,O,, CaF,, and other Group IV divalent oxides (SiO homologs 
like GeO and SnO). 


In the more general case, when a compound is evaporated or sputtered, the material 
is not transformed to the vapor state as compound molecules but as fragments thereof. 
This compound fragmentation step is very difficult to characterize and control. Subse- 
quently, the fragments have to recombine most probably on the substrate to reconstitute 
the compound. Therefore, the stoichiometry of the film depends on several factors in- 
cluding the deposition rate and the ratios of the various molecular fragments, the 
impingement rate of other gases present in the environment, the surface mobility of the 
fragments (which in turn depends on their kinetic energy and substrate temperature), the 
mean residence time of the fragments on the substrate, the reaction rate of the fragments 
on the substrate to reconstitute the compound and the impurities present on the substrate. 
For example, it was found that direct evaporation of Al,O; resulted in a deposit which 
was deficient in oxygen, i.e., which had the composition Al,O;_,. This O, deficiency 
could be made up by introducing O, at a low partial pressure into the environment (23). 


In other cases, the situation is more complex (24). ZrB, films produced by direct 
evaporation of ZrB, billets from an electron beam heated source either at high or low 
deposition rates (2.14 and 0.11pm min-! thickness per minute respectively) consisted 
entirely of the ZrB, phase. In contrast, in similar experiments with high rate evaporation 
of TiB., the deposits consisted of a mixture of TiB, and TiB phases with the amount of 
the TiB phase increasing with higher deposition temperatures. Low rate evaporation of 
TiB, produced TiB, deposits exclusively. 


15.2.2 Reactive Evaporation Processes 


15.2.2.1 Using a Compound Evaporant. The above problem related to stoichiometry 
of the films when deposited by direct evaporation process can be to a certain extent cir- 
cumvented by introducing the reactive gas at a controlled rate during evaporation to raise 
the partial pressure to about 10-3 — 10-¢Torr. The film stoichiometry is improved due to 
gas absorption by growing film. The stoichiometry of the films is also enhanced due to: 
(25) (i) the possibility of collisions between oxygen and evaporating vapor molecules in 
transit, and (ii) reaction between the vapor and oxygen molecule at the surface. Although 
composition is improved, it is difficult to ensure exact stoichiometry of the film by this 
process. 
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15.2.2.2 Using a Metal Evaporant. Another variant of the reactive evaporation 
process involves evaporating the metal in a partial pressure of the reactive gas. However, 
high substrate temperature and low deposition rates are some of the constraints associated 
with the process of reactive evaporation with metals (26). These limitations can be ad- 
dressed in terms of thermodynamic and kinetic considerations. 


15.3 THERMODYNAMIC AND KINETIC FACTORS IN REACTIVE EVAPORATION 
PROCESS 


The chemical reaction forming a compound by reactive evaporation process can, in 
general, be represented as: 


M (Metal) + X (ReactiveGas) = MX (film) 


As with all chemical reactions, thermodynamic and kinetic constraints apply to depo- 
sition of compounds by the above type of reaction. Let us analyze these constraints and 
how they impose limitations on compound growth by reactive evaporation process. 


15.3.1 Thermodynamic Factors 


Reactions between metal and gas to form a given compound must have negative free 
energy of formation. Let us consider the reaction involved in the synthesis of some 
oxides, carbides and nitrides by reactive evaporation process in view of the 
thermodynamic criteria given above. Given below (27) are the reactions forming Al,O, 
, TiC and TIN, all at 298 K: 


2Al+ ŽO, + AlO; AG? = —250Kcal (mol 0,)~! (1) 
Ti+ CH, > 2TiC +H, AG? = —76.5Keal (mol C,H,)~! (2) 
2Ti + N, > 2TiN AG? = ~73.5Kcal (mol N,)~! (3) 


As can be seen from the above reactions, the thermodynamic criterion of negative free 
energy of formation is satisfied for the respective compounds. 


Although formation of these compounds is thermodynamically favored, the observed 
rate at which the respective films are formed in reactive evaporation is extremely low. 
This process limitation can be addressed in terms of reaction kinetics in a reactive evap- 
oration process. 


15.3.2 Kinetic Factors 


The question of reaction kinetics in reactive evaporation processes can be treated in 
exactly the same manner as for reactions occurring in heterogeneous systems of con- 
densed phases (26). The model for heterogeneous metallurgical reactions involves the 
following: (i) transport of the reactants to the reaction interface; (ii) transport of re- 
action products away from the reaction interface; (iii) the chemical reaction at the re- 
action interface; (iv) the nucleation of new phases; (v) heat transfer to or away from the 
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reaction interface. Any of these can be rate-limiting steps and can control the overall rate 
of the reaction. 


The possible rate-controlling steps in a reactive evaporation process are: (a) the 
supply of reactants, (b) the collision frequency between reactants, (c) the rate of the 
chemical reaction at the reaction interface and (d) the rate of removal of products from 
the interface. It may be noted that the physical location of the reaction interface may be 
the substrate surface, the surface of the evaporation billet, the gas phase or a combination 
of these. 


It is easy to satisfy conditions (a), (b) and (d) above in reactive evaporation processes. 
However, condition (c), i.e. the rate of reaction, often becomes the rate-governing step. 
In reactive deposition processes, another important factor is the deposition rate, which in 
turn is dependent on the arrival rate of metal atoms or complex species as well as gas 
atoms on the substrate surface. Thus, Abe et al (16) found that titanium carbide with 
carbon-to-titanium ratio of 1.0 could be formed by reaction between titanium atoms and 
C,H, and C,H, molecules on the substrate at 300 — 500°C only if the deposition rate 
was .3 — 1.5A/s At higher rates, from 2 — 4A/s, the ratio of carbon to titanium de- 
creased from 1 to 0.2. 


However, the reaction between titanium vapor atoms and C,H, gas did not occur 
readily, i.e. condition (c) was the rate-controlling step due to the inability of the reactants 
to overcome the activation energy barrier. The problem was solved by imparting suffi- 
cient energy to the reactants, i.e. titanium vapor atoms and C,H, gas molecules, to over- 
come the activation energy barrier by exciting them to high energy levels through the 
creation of a plasma in the reaction zone between the source and the substrate (28,29). 
Thus condition (c), i.e. the rate of reaction, was no longer the rate-governing step. 


15.4 ROLE OF PLASMA IN EVAPORATION BASED PROCESSES 


As illustrated in the previous section, the presence of a plasma can enhance the re- 
action rate. The second major role of the plasma in this process is to modify the growth 
kinetics and hence the structure /morphology of the deposits. 


15.4.1 Influence of Plasma on Growth Kinetics of the Deposits 


In order to understand the role of plasma on overall growth kinetics of the depositing 
film, one has to consider its influence on the three characteristic steps involved in the 
formation of the deposit: i) creation of the vapor phase, ii) transport of vapor phase, and 
iii) film growth on the substrate (30). 


15.4.1.1 Plasma-Source Reactions in ARE Processes. In the ARE process, the vapor 
species are generated by thermal energy imparted to the source. The evaporation rate 
varies directly as the vapor pressure of the target element which in turn is dependent on 
the temperature of the target surface. The plasma has little or no influence on the evap- 
oration rate. Therefore the vapor generation rate in the ARE process is plasma inde- 
pendent. 


15.4.1.2 Plasma Volume Reactions. Collision of vapor/gas molecules with electrons 
during transport from source to substrate gives rise to a variety of chemical reactions in 
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that region. These reactions play a dominant role in producing various molecular precur- 
sors which in turn govern the growth and properties of the depositing film (31). The im- 
portant factors affecting the plasma volume chemistry are the electron density, electron 
energy and distribution function. To obtain the desired control of the plasma volume 
chemistry, film growth and properties, it is therefore imperative that one should be able 
to control properties of the plasma independently of the deposition parameters. It is in 
this respect that the ARE type of processes derives its advantage over the other plasma 
assisted processes (32). For example, the electron number density can be controlled as 
a separate variable by use of a thermionic emitter. In addition, the electron energy can 
be adjusted by selecting the appropriate accelerating voltage. 


15.4.1.3 Plasma Substrate Reactions. Substrates exposed to a plasma (glow dis- 
charge) are bombarded by energetic neutrals, ions and electrons. The nature and energy 
of the bombarding species are primarily dependent on the process parameters and ge- 
ometrical location of the substrate within or outside the plasma zone (33,34). Such 
bombardment can initiate a variety of reactions which may lead to substrate heating, 
substrate surface chemistry changes, gas incorporation in the growing film, as well as 
modification of the film morphology, crystallite size and orientation and defect level. At 
significantly higher energies, as may be present with intentional substrate bias, removal 
of the deposited atoms by sputtering may become important. 


In a plasma-based physical sputter deposition process, ion bombardment of the de- 
posited films occurs due to the difference between the sample potential (floating, 
grounded or biased) and the plasma potential. The plasma potential depends on a number 
of parameters, including the energy distribution and density of the electrons as well as the 
geometrical orientation of the chamber and electrodes (35,36). The effect of the plasma 
on the three general deposition steps outlined above can vary significantly between 
plasma deposition processes (37). Such differences are manifest in terms of the types and 
concentration of the metastable species, ionized species, and energetic neutrals which in 
turn influence the reaction paths or steps involved in the overall reaction for film forma- 
tion and the physical location of these reactions sites. The advantages and limitations of 
various plasma assisted deposition techniques can be addressed in terms of the differences 
in plasma interaction at the source., during transport and at the substrate in the respective 
processes. The advantages and limitations of the various plasma assisted processes are 
due to: i) interdependency of the above three plasma interactions and ii) the coupling of 
the plasma parameters and processes parameters. For an ideal plasma assisted process, 
one should be able to control each of the above reactions independently of each other. 


A summary of the plasma interactions, the parameters controlling these interactions 
and their effect on structure properties of films by ARE process is given in Table 1. 


15.5 IMPLEMENTATION OF THE ACTIVATED REACTIVE EVAPORATION PROCESS 
15.5.1 Basic ARE Processes 
The two variants of the basic ARE process are (a) the Activated Reactive Evapo- 


ration (ARE) process with electron beam evaporation source, (b) the ARE process with 
resistance heated source. Both of these processes are schematically shown in Fig. 1. 
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Table 1: Influence of plasma on three steps of film deposition by ARE process. 


GROWTH STEP PLASMA INTERACTION ADVANTAGE 
Source reactions no effect on source absence of source poisoning 
allows high rate deposition 
Transport reactions Independent control of 1. Better control 
electron density, energy of film composition 


2.Low substrate temperature 
3.Synthesize new structures 


Substrate reactions Substrate bombardment Substrate can be 
controlled independently of located out of plasma region 
source. 


In ARE using an e-beam source, the metal is evaporated by an electron beam in 
presence of a reactive gas. The plasma is generated by accelerating the secondary 
electrons from the plasma sheath above the molten pool towards a probe biased to a small 
a.c. or positive d.c. potential. This technique has been successfully used to deposit 
carbides, (28) nitrides, (38,39) oxides, (40,41) sulphides, (42,43) as well as carbonitrides 
of titanium, (44). 


Nath and Bunshah modified the ARE process for use with resistance heated sources. 
The metal is evaporated from a resistance heated source in the presence of the reactive 
gas (45). The plasma is generated by accelerating the thermionically emitted electrons 
from a heated filament towards a positively biased anode. A transverse magnetic field is 
applied to cause the electrons to travel in spiral paths thereby increasing the probability 
of ionization. This technique has been successfully used to deposit transparent conduct- 
ing coatings of indium oxide, indium tin oxide, zinc oxide, etc. 


15.5.2 Modification of the Basic ARE Process 
There are several modifications of the basic ARE process as illustrated in Fig. 2 (26). 
15.5.3 Low Pressure Plasma Deposition (LPPD) Process 


Using electron beam evaporation sources, the electric field may be generated for a 
conducting substrate by biasing the substrate positively instead of using a positively bi- 
ased interspace electrode. In this case, it is called Low Pressure Plasma Deposition 
(LPPD) by Nakamura et al (46). However, this version has a disadvantage over the basic 
ARE process since one does not have the freedom of choice to ground the substrate, let 
it float or bias it negatively. 
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Figure 1: Schematic of the activated reactive evaporation system: (a) using an electron 
beam evaporation source, and (b) using a resistance heated evaporation source. 


If the substrate is biased in the ARE process, it is called biased ARE, or BARE (47). 
This bias is usually negative to attract the positive ions in the plasma. Kobayashi and Doi 
(48) reported the same process in 1978 and called it reactive ion plating. 


Murayama (49) used an electron beam heated source with a negatively biased 
substrate and rf activation of the reactants by means of a coil electrode of aluminum wire 


in the reaction zone to deposit oxide and nitride films. 


Activated Reactive Evaporation Process 379 


SUBSTRATE AT ANY SUSSTRATE AT ANY SUBSTRATE AT ANY 
POTENTIAL, FLOATING POTENTIAL, FLOATING POTENTIAL, FLOATING 
OR GROUNDED OR GROUNDED DR GROUNDED 


KKK, tt, Wty: 


N 


+ BIAS "ARE" ELECTRODE p 
eere 
iai LOW ENERGY 


ELECTRÓN ELECTRONS 
BEAM, 
(B) 


(A) (C) 
SUBSTRATE AT ANY SUBSTRATE AT ANY 
POTENTIAL, FLOATING POTENTIAL, FLOATING 
OR GROUNDED OA GROUNDED 
PLASMA 
Ee Guy “ARE” ELECTROOE 
+ve BIAS 
MOLTEN MOLTEN 
POOL POOL 


ool 


(E) 


Figure 2: (a) The basic ARE process and (b)-(e) later variations: (b) low pressure 
plasma deposition process; (c) enhanced ARE process; (d) ARE process with hot hollow 
cathode electron beam gun or cold cathode discharge electron beam gun; and (e) biased 
ARE or reactive ion plating process. 


15.5.4 Processing Using Plasma Electron Beam Guns 


A plasma electron beam gun can be used in place of of the thermionic electron source 
to increase the level of ionization in the ARE process. The advantage of these guns is that 
they provide an abundant supply of low energy electrons and are relatively rugged and 
long-lived. These are two types of plasma-based electron sources that could be used (50). 
They are: 


e@ The Cold Cathode Plasma Electron Beam - This plasma electron beam gun has a 
cylindrical cathode cavity made from a metal mesh or sheet containing the ionized 
plasma from which electrons are extracted through a small aperture in one end. The 
cathode is maintained at a negative potential, e.g., -5 to -20 kV, relative to the 
workpiece and remainder of the system, which are at ground potential (50). Zega 
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et al (51) used a cold cathode discharge electron beam gun to deposit titanium nitride 
films. 


@ The Hot Hollow Cathode Discharge - The hollow cathode discharge applied to vac- 
uum processing has been reported by Morley (52). Here the cathode operates at an 
elevated temperature and must be constructed of refractory materials. A gas, often 
argon or krypton, is introduced into the system through the tubular-shaped cathode. 
The internal walls of the hollow cathode are heated to thermionic emission temper- 
atures (2000K) by the ion bombardment. A low voltage, high amperage d.c. power 
source is utilized. Often rf power from a commercial welding starter is coupled to the 
gas to initiate the discharge. The high current glow discharge that occurs is analo- 
gous to that experienced in vacuum arc melting at higher pressures. When a axial 
magnetic field is imposed on the emitted plasma, it then forms a high power density, 
well-collimated beam. The hollow cathode discharge beam is operationally stable 
and efficient over the pressure range from 10-4 to 10-'Torr. A more detailed de- 
scription of physical aspects, operational characteristics, and cathode design has 
been given by Morley (52). The hot hollow cathode has been used by Komiya et al 
(53), for example, to deposit TiC films. 


15.5.5 Activated Reactive Evaporation Process Using an Arc Evaporation Source 


The evaporation of metals using a low voltage arc in the presence of a plasma and a 
negatively biased substrate is used by Snaper (54) and Dorodnov (55) to deposit nitride 
and carbide films, with N, and hydrocarbon reactive gases respectively. (For a discussion 
of vacuum arc technology, please see Chap. 18). Since arcs naturally operate at low 
voltages, ionization processes are very efficient and a reaction plasma is very easily cre- 
ated. 


15.6 RECENT DEVELOPMENTS IN THE ARE PROCESS 


In the last few years new techniques based on ARE ate being developed for the syn- 
thesis of novel and unique materials. The emphasis of such developments is generally on 
two aspects: i) new approaches to produce the vapor species and ii) new plasma 
excitation techniques and development of modified plasma excitation geometries. 


15.6.1 New Approaches to Produce the Various Species 


The basic process involves evaporation of the constituent metal alloy, or compound 
using e-beam or resistance/induction heated sources. However, it is difficult to use this 
approach with certain materials such as boron and carbon. Two possible solutions can 
be used to overcome these difficulties: 1) use of a low melting point compound of the 
respective element, and 2) use of a pulsed laser beam where the pulse rate and pulse 
width can be appropriately adjusted to control the rate of material generation and frag- 
mentation. Moreover, in many cases, the energy of the laser beam can also be used as a 
source for plasma excitation. 


Both these approaches have been explored. A process developed by Bunshah et al 
(56) for the synthesis of cubic boron nitride involve boric acid as an evaporant, which can 
be easily evaporated from a resistance heated tungsten boat. In addition to the ease of 
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evaporation, this process also excludes the toxicity problems associated with fine boron 
particles which can be produced during e-beam evaporation of boron. A similar approach 
can be extended to evaporation of carbon using a low melting point carbon compound 
such as admantine. It is likely that many new materials hitherto difficult to synthesize 
may possibly be deposited using this route. Moreover, this novel approach may contribute 
to further development in reactive MBE processes and processes involving organometallic 
compound reactants. 


The use of pulsed laser beams in an ARE type of process has been demonstrated in 
recent literature on high T, superconducting films (57). Films with high T, (90 K) and 
high critical current density (0.7x10°A/cm? at 77K) have been produced (58). It is 
claimed that pulsing of the laser beam avoids fractionation of the compound and hence 
good control of film stoichiometry is achieved. It is also suggested that the photon energy 
is sufficient to activate the reactive gas/metal species thereby increasing their reactivity 
leading to increase in oxygen concentration in the deposited films. 


15.6.2 New Plasma Excitation Modes and Geometries 


As discussed earlier the attributes of the ARE processes are due to the possibility to 
control the plasma parameters independently of the deposition process. However, im- 
provement in excitation and confinement of the plasma as well as control and optimiza- 
tion of plasma parameters in the ARE processes are likely to enhance the process 
capabilities. Recent developments include i) the use of inductively coupled rf with parallel 
plate rf geometries, and ii) the use of multiple filaments and anodes with magnetic con- 
finement. These enhancements have led to substantial improvements in film properties 
as well as process control. Examples are high rate deposition of a-Si-H films (59), trans- 
parent conducting films on polymeric substrates (60) and TiS, and MoS, (61,62) films 
with variable x values. 


Two additional modes of ionization are being explored. Currently an auxiliary rf 
excitation source similar to that reported by Oeschner (63) is being developed for use in 
ARE. It is believed that the high electron density and energy selectivity offered by this 
source is likely to enhance advantages of the ARE processes for compound synthesis. 
Also, work is underway to integrate Electron Cyclotron Resonance excitation at micro- 
wave frequencies with the ARE process. ECR plasmas are characterized by a very high 
level of ionization and excitation, and may greatly enhance the uses of ARE for the de- 
position and synthesis of films. 


15.7 STRUCTURE AND PROPERTIES OF THE FILMS 


The physical and chemical properties of films critically depend on structure and 
morphology, defects, and the impurity content. 


The influence of process parameters on the film growth can be understood in terms 
of their effects on sticking coefficient, surface mobility of adatoms, nucleation density as 
well as the thermodynamic and kinetic factors determining the various chemical reactions 
occurring at the substrate, especially in the case of deposition of compound films. Plasma 
parameters influence film growth and properties in two ways: 
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1. By controlling the plasma volume chemistry thereby producing molecular pre- 
cursors which determining the reaction path leading to the formation of one com- 
pound on the substrate; 


2. By enhancing the energy of the condensing species thereby modifying the 
nucleation and growth of the films. 


The interaction between deposition parameters and plasma or ion bombardment on 
film properties is indeed complex. This topic will be covered in more detail in Chaps. 
19-21. 


15.8 MATERIALS SYNTHESIZED USING THE ACTIVATED REACTIVE EVAPORATION 
PROCESS 


A variety of compounds such as carbides, nitrides and oxides of refractory metals, 
sulphides, alloyed carbides, carbonitrides, superconducting coatings such as Nb,Ge have 
been deposited using this technique. A representative list of the compounds synthesized 
using the ARE technique is given in Table 2. 


In recent years, ARE and related processes have been successfully used to synthesize 
novel materials (64). Of particular industrial interest are cubic boron nitride, (65) dia- 
mond and high temperature superconducting films (66). The principal attributes of the 
process are related to its ability to control stoichiometry, structure and properties of the 
films as well as its ability to provide high deposition rates as low substrate temperatures. 


15.9 FUTURE OUTLOOK AND PERSPECTIVE 


With increasing demand for low temperature processing and requirements for new 
materials, plasma assisted processing is likely to remain a major research area. Modified 
and novel plasma excitation techniques such as auxiliary rf ion/plasma source/microwave 
excitation in conjunction with the basic ARE set-up is likely to further enhance its proc- 
essing capability. 


Apart from process development research, interest needs to be directed towards 
understanding the plasma chemistry and its role in film growth and properties. Insitu 
diagnostic studies using optical emission spectroscopy, mass spectroscopy and plasma 
mass spectroscopy, and other sophisticated tools such as coherent anti-Stokes Raman 
spectroscopy and laser induced fluorescence spectroscopy are necessary to develop 
quantitative models of film growth by the ARE and related processes. Such studies are 
not only important in understanding the basic film chemistry, growth and properties but 
also in developing appropriate modifications of the process to optimize the properties of 
deposited coatings. 


15.10 CONCLUSIONS 


The ARE process has demonstrated its versatility in the synthesis and deposition of 
thin films of simple and complex refractory compounds and at low temperatures which 
makes it compatible with many of the operations in microelectronics, optoelectronics and 
optical coatings. Further areas of application may be magnetic and ferroelectric films. 
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This process is used currently in industry in one or more of its variants to deposit TiN 
coatings on cutting tools. With the advent of reliable rate monitors, gas flow control 
systems, feed back loops and computer controlled processing, the ARE process should 
find its way into many other areas, including the synthesis of new and novel materials. 


Table 2: Examples if some compounds synthesized and deposition rates obtained using 
ARE, reactive sputtering, and PACVD. 


Compound ARE Reactive PACVD 
A min! A min-! A min- 

Carbides 

TiC, HfC, ZrC, VC 2000-3000 400-500 150-400 

Nitrides 

TiN, HfN, ZrN 2000-3000 300-400 60-150 

Oxides 

TiO,, ZrO, 1000-2000 200-800 200-300 

ALO3, SiO, 

Sulphides 

TiS}, MoS, 1000-2000 

MoS, 

Novel Materials 

Superconducting materials 

Nh,Ge, CuMOggg 1000-1500 

Photovoltaic materials 

a-SiH, CulnS, 1500-2000 50-200 

Optoelectronic materials 

Indium-tin-oxide, 500-1000 

zine oxide 

Cubic BN 1000-1500 

Diamond 1000Ahr-! 

carbon 300 200 
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Formation of Thin Films by Remote Plasma 
Enhanced Chemical Vapor 
Deposition (Remote PECVD) 


Gerold Lucovsky, David V. Tsu and Robert J. Markunas 


16.1 INTRODUCTION 


Much of the stimulation for research in the area of Plasma Enhanced Chemical Vapor 
Deposition, PECVD, comes from a more general interest in the low temperature proc- 
essing of electronic materials, where low temperature usually means temperatures below 
about 500°C. In this chapter we emphasize the deposition of silicon containing dielectric 
materials, i.e., silicon oxide, nitride and oxynitride alloys, as well as hydrogenated amor- 
phous silicon. These materials are currently utilized in several different types of device 
structures, but also have the potential for additional applications in more advanced and 
emerging microelectronic structures that require, for example, low temperature dielectrics. 
The limited use of the PECVD dielectric materials can, in part, be related to the nature 
of the deposition process reaction pathways in the conventional (and commercialized) 
Direct PECVD process that promote: (a) deviations from oxide or nitride compound 
stoichiometry, i.e., Si-Si bonds in addition to the Si-O and/or Si-N bonds; and (b) sig- 
nificant incorporation of bonded hydrogen, 2-10 at.% in the oxides, and as high as 20 to 
40 at.% in the nitrides (1,2). The Direct PECVD dielectrics have nevertheless been used 
in applications such as in passivation and in field oxides, where deviations from compound 
stoichiometry and hydrogen incorporation are not deleterious to device operation. In 
contrast, Direct PECVD of a-Si:H (also called Glow Discharge decomposition or simply 
GD in the amorphous silicon literature) is the preferred method (3) for the a-Si:H films 
used in photovoltaic cells (4), xerographic photoreceptors and thin film transistors 
(TFT’s) (5). In these applications, controlled incorporation of hydrogen at the 10-15 
at.% level is essential for reducing the densities of intrinsic bonding defects, e.g., dangling 
bonds (3), to the low levels required for satisfactory device operation (3-5). 


The deposition of oxide and nitride films on a substrate separated from the existing 
plasma was apparently first used by Alt et al (6) in 1963, although the description of the 
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method was not reported until 1965 (7). A 500 kHz power supply was used to dissociate 
O; flowing into a reaction chamber into which tetraethoxysilane was introduced. In 1966, 
Secrist and MacKenzie (8) described the use of a 2.45 GHz discharge to activate O, and 
deposited a variety of films, including SiO}. 


In 1977, Shiloh et al (9) deposited SiN, by exciting N, in a 2.45 GHz microwave 
cavity from where it flowed into a heated tube into which Sil, was introduced; I, vapor 
was used to provide a gaseous source of Si from Si powder. 


However, a much greater interest in the Remote PECVD (RPECVD) technique is 
marked by the publication in 1982 of several reports. The common intent was to deposit 
films at low substrate temperatures and with minimum introduction of damage, either 
structural or electrical, to the substrate. Kato et al (10) introduced an Ar/SiH, mixture 
into a 2.45 GHz discharge to deposit a-Si at a distance of 15 cm from the cavity center. 
Clark and Anderson (11) deposited Si,N, on GaAs substrates using an rf (13.56 MHz) 
discharge to excite a N,/H, mixture which flowed into the substrate chamber with an 
Ar/SiH, mixture introduced into a gas dispersal ring above the substrate. Meiners (12) 
deposited SiO, films on InP substrates using a 13.56 MHz discharge; he added N, to the 
O, in the discharge to increase deposition rates. The excited gas was mixed with a 
SiH,/N, mixture in a heated tube and gases flowed over the heated substrate to the pump. 
Bardos, et al (13) compared the efficiency of microwave (2.45 GHz) and rf (13.56 MHz) 
discharges for the production of excited molecular N, for Si,N, deposition by RPECVD. 


Since 1982, many papers have been published on the deposition of a-Si, 
SiO, and SiN, films by RPECVD. It is not the intention here to review this literature in 
detail, but to discuss the possible reaction paths for film deposition. To provide an expla- 
nation of these processes and their consequences, we will use results obtained over several 
years in our laboratories as examples. This should make it easier for the reader to follow 
the discussion of the processes without having to consider possible effects of the many 
experimental arrangements which have been investigated in different laboratories. 


This chapter begins with a discussion of the CVD process, focusing on the plasma 
enhanced procedures that have been applied for the deposition of the electronic materials 
discussed above. We identify the differences between the conventional Direct PECVD 
process and the Remote PECVD process, that is the subject of this chapter. We then 
discuss the Remote PECVD process in greater detail, emphasizing: (a) the deposition 
processes relative to selective excitation of the different gas reactants and/or diluents; (b) 
the design of deposition chambers used to implement these procedures or protocols; (c) 
the reaction pathways for deposition of hydrogenated amorphous silicon, and the silicon 
dielectrics; (d) selected vibrational, optical and electronic properties of the deposited 
films; (e) applications of these Remote PECVD films in device structures; and finally (f) 
new directions in Remote PECVD research, including the extension of the approach to 
additional electronic materials. 


16.2 BACKGROUND - CVD PROCESSES 


The CVD process is defined as the deposition of a thin solid film from a chemical re- 
action involving gas species at a heated substrate (14). For all CVD processes, the de- 
terminant factors in film formation are: (a) the rate of delivery of the process gases to the 
substrate; (b) the chemical reaction rates for film formation at the substrate surface; and 
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(c) the rate of removal of reaction by-products (14). In general, the transport of the gases 
is determined by the process pressure and the gas flow rates. Diffusion of source gases to, 
and by- product gases away from the deposition surface is enhanced at low pressures 
(below about 1 Torr). In hot wall CVD reactors, the temperature of the gas, T,, is the 
same as that of the substrate, T,. The operation of hot wall reactors at high pressures, e.g., 
at one atmosphere, can result in homogeneous gas phase reactions, sometimes resulting 
in the production of unwanted powder species. Powder formation can be eliminated by 
minimizing homogeneous gas phase reactions either by: (a) diluting the reactant gases 
with inert gases, thereby reducing the partial pressures, and the collision rates necessary 
for these reactions; or (b) using cold wall reactors in which only the substrate is heated. 
In cold wall reactors, the reactant gases generally do not react homogeneously in the gas 
phase to form the thin film material, but require either: (a) an additional energy input to 
increase their reactivity (14): or (b) a pre-activated nucleation surface site in order to be 
able to take part in heterogeneous surface reactions leading to film deposition (15-16). 
The basic or elementary CVD process is one in which all the additional energy is supplied 
at the heated substrate, and where the rate of reaction is then determined by the temper- 
ature of that substrate; i.e., T,. There are no inherent restrictions on the nature of the 
heterogeneous chemical reactions that are used in CVD processes (14); they can be 
oxidation, pyrolysis, etc. We designate this type of process as thermal CVD. This defi- 
nition is used to differentiate the thermal CVD processes from other CVD processes in 
which different source of energy, such as rf or microwave plasmas, are employed to acti- 
vate the chemical reaction pathways leading to film deposition. 


In general and depending on the particular reactants employed, thermal CVD proc- 
esses for stoichiometric, hydrogen-free silicon oxides and nitrides, and for poly- or single 
crystal silicon, require relatively high substrate temperatures, in excess of 500°C, and 
generally in the range of 600 — 900°C (14). These temperatures are too high for many 
projected VLSI and ULSI devices because of thermal budget limitations (17,18). One 
approach to reducing substrate temperatures is to increase the reactivity of the process 
gases before their arrival at the deposition substrate. This can be accomplished by sup- 
plying energy to the reactants through excitation in the gas phase, e.g., using energetic 
electrons produced in either radio-frequency (rf) or microwave discharges, or using 
photons. 


Our discussion of the enhancement mechanisms for CVD, will be limited to the 
plasma enhanced techniques, and in particular to plasmas generated by rf power. We note 
that the one important difference between rf and microwave discharges is in the energy 
distribution of the plasma-generated electrons (19), which results in significant differ- 
ences in the specific nature of the plasma-activated species that take part in film deposi- 
tion. We will not focus on this aspect of PECVD process. What concerns us instead is not 
exactly how the activated species are generated, but where they are generated with re- 
spect to the substrate, and which of the reactant gases are directly subjected to plasma 
excitation. The "where" and "which" represent the differences between two different 
plasma enhanced processes, Direct and Remote PECVD, which involve respectively ei- 
ther direct or remote plasma excitation of the process gases. 


The distinction between Direct and Remote PECVD is made primarily on the basis 
of which of the gas reactants and diluents are directly plasma excited (2). In the Direct 
process, all process gases are exposed to a common rf plasma. In diode type rf reactors, 
the substrate is attached to one of the rf electrodes, usually the grounded electrode, and 
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is immersed in the plasma glow. Silicon oxide and nitride films produced in this way usu- 
ally display significant departures from compound stoichiometry, and also contain large 
amounts of bonded hydrogen, 5-30 at.% (1). In contrast, in the Remote PECVD process, 
not all of the reactant gases are plasma excited and the substrate is removed from the glow 
region of the plasma. These restrictions on which of the gases are plasma excited, and on 
the placement of the substrate outside the plasma glow region tend to limit the number 
of possible reaction pathways and thereby lead to increased control over stoichiometry 
and hydrogen incorporation (or elimination) in the deposited films. There is another and 
non-conventional Direct PECVD process technique where very high levels of dilution of 
the reactant gases by noble gases, approaching 10,000:1 in some cases, can also restrict 
the process of plasma excitation to a specific subset of the process gases, and therefore 
also limit the number of reaction pathways. We will not discuss this process in any detail, 
but instead refer the reader to the literature (20). 


Finally, we note that there are several hydrid PECVD processes that combine some 
of the properties of the Direct and Remote processes. For example, in reactors of the 
triode design, the substrate sits below a grid which replaces one of the rf electrodes so that 
the substrate is not exposed directly to the plasma glow. This technique has been used 
primarily in the deposition of a-Si:H (21). Another technique uses microwave power, and 
also accomplished deposition outside the plasma. In this process, designated electron 
cyclotron resonance (ECR) microwave PECVD, the plasma is magnetically contained so 
that deposition occurs outside the glow region (22). In both these techniques, all the 
process gases are subjected to the plasma excitation. We refer the reader to another 
chapter in this volume for a discussion of the ECR PECVD process (23). 


The initial attempts at rf excited Remote PECVD are described in Refs. 6-12,24,25. 
These papers provide the basis for the more recent and extensive studies pursued jointly 
in the Department of Physics at North Carolina State University and the Semiconductor 
Research Group at the Research Triangle Institute (2,26-28). These results form the body 
of this paper are discussed in detail in the sections that follow. Our emphasis is on the 
deposition process, rather than the film properties. However, we include short discussions 
of both film properties and device applications to complement the discussions of the de- 
position processes. 


16.3 THE REMOTE CVD DEPOSITION PROCESS 
16.3.1 Overall Deposition Reactions 


Consider first a symbolic representation of an elementary CVD process that: (i) uses 
two different reactant gases, A(g) and B(g); (ii) has a gaseous reaction by-product, C(g); 
and (iii) generates a thin film solid material, F(s). The reaction leading to thin film for- 
mation is given by: 


A(g) + B(g) + X(g) > C(g) + X(g) + F(s) (1) 


where X(g) is an inert diluent; e.g., one of the noble gases. It should be noted that 
throughout this chapter, reaction pathways are designated by an arrow ( > ). The path- 
ways listed here have been simplified in that the specific quantities of each of the species 
have been omitted. To distinguish between the Remote and Direct PECVD processes, 
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we use a starred bracket { }* to indicate those gases that are directly plasma excited. For 
the same reaction as in Eqn. (1), the Direct PECVD process is defined by 


{A(g) + B(g) + X(g)i* > C(g) + X(g) + F(s) (2) 


and the Remote PECVD process by 


{A(g) + X(g)}* + Ble) > C(g) + X(g) + F(s) (3) 


We also consider a second class of Remote PECVD processes where neither of the 
two reactant gases is directly plasma excited, but where at least one of the molecular 
species, e.g., A(g), is activated by electrons, ions, or metastable atoms extracted from a 
remote noble gas plasma. An illustration of this type of process reaction is given in Eqns. 
(4a), (4b) and (4c): 


{X}* > X', et, XÏ, (4a) 


where X is a noble gas, e.g., He, Ar, etc., and X+ and X’ are respectively, noble gas ions 
and metastables, and e* are defined as energetic electrons generated in the remote plasma 
as opposed to those electrons formed as a result of a reaction (29). For a deposition 
process reaction that is driven by electron and/or ion excitation, we invoke the following 
two symbolic reaction equations: 


Xt, e*) + A) > A*(2) + X +e (4b) 


A*(g) + B(g) > C(g) + F(s) (4c) 


where A*(g) is a reactive species activated: (a) through an inelastic collision with a plasma 
generated electron or ion (30); or (b) at an active surface site created by one of the 
plasma extracted species (15,16). 


We now list the overall Remote PECVD process reactions that have been used to 
produce silicon dielectric films (2,26,28,31-33). We first indicate the films grown by the 
process described by Eqn. (3) that utilizes plasma excitation of noble gas/nitrogen con- 
taining molecule and/or noble gas/oxygen containing molecule mixtures: 


{O, + He}* + SiH, > SiO, (5) 
{N20 + He}* + SiH, + SiO, (6) 
IN, + Heor Ar}* + SiH, + SisN4 (7) 


{NH, + He or Ar}* + SiH, > SiN, (8) 
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INH; + O, +He}* + SiH, > {SiOz}, {Si;Ny}1_, (9) 


Thin film dielectrics have also been grown by the process described by Eqns. (4a-4c) 
(33-35), where the deposition process is initiated by extraction of excited species from a 
He or Ar plasma (30,33-35). For reaction processes involving remote He plasmas, the 
most probable activating species based on reported cross-sections for excitation are low 
energy electrons (30) and/or He ions which can result from both direct electron impact 
ionization as well as by the Penning ionization of He metastables as defined by: 


{He}* + He’ + He’ > He + e + Het (10) 


Although there are many channels operative in the production of He’ metastables, e.g., 
by the direct electron impact, by the cascading of excited He atoms into the metastable 
state by photon emission, etc., the mechanism represented by Eqn. (10) is an effective 
way to consume the He metastable species (29). Using electrons and/or positive He ions 
as activators, the overall reactions for this second class of remote PECVD processes are 
given by: 


He* + e* + O, + SiH} > SiO, +... (11) 
Het + e* + NO + SiH} > SiO, +... (12) 
Het + e* + Ny + SiH, + Si,Ny +... (13) 
Het +e* + NH, + SiH, > SisNy +... (14) 


Films of intrinsic and doped hydrogenated amorphous silicon have also been grown 
by this type of process (36-39). The overall reactions here are: (a) for intrinsic a-Si:H thin 
films, 


Het +e* + SiH, > a-Si:H (15) 


(b) for n-doped a-Si:H films, 


He*,e* + SiH, + PH; [0.01 percent in SIH4] > a — Si:Hq), P (16) 


The Remote PECVD process has also been used to grow expitaxial films of Si and 
Ge (27), as well as carbon films, including diamond and diamond-like materials (40). The 
process protocols are essentially the same as that given in Eqn. (15), and the noble gases 
that have been used for the formation of epitaxial Si and Ge layers include Ar and He 
(27). For the discussion of these processes and the results obtained, we refer the reader 
to the literature (27,40). 
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16.3.2 Deposition Chamber Design and Process Variables 


To produce films by Remote PECVD, the reaction chamber design must make pro- 
vision for the special requirements of this process, specifically for: (a) selective excitation 
of the process gases; and (b) film deposition on a substrate outside the plasma glow re- 
gion. We discuss the deposition chamber designs that have been employed in the Remote 
PECVD studies (26,41). The chamber designs, along with the operating pressures and 
relative gas flow rates, are designed to promote the reaction pathways indicated above, 
Eqns. (5-16), and in addition to eliminate, or minimize any direct plasma excitation of the 
SiH, reactant. Figure 1 shows a recent experimental chamber design with a second 
down-stream gas dispersal ring (41). The range of processing conditions used in the ma- 
jority of the reported Remote PECVD studies is indicated below (26-28,31-33, 
35-39,41,42): 


e Chamber pressure prior to deposition: < 5x10-°Torr 
e Operating pressure for depositions: 100-300 mTorr 
e Substrate temperatures: 100 — 500°C 


e Gas Flow rates: [ X = O,, N20, N}, NH3] : 
. X/He or Ar Mixtures: 100-200 sccm 
° He: 100-200 sccm 
° X: 100-200 sccm 
e SiH, [10% in Ar] : 1 sccm [10 sccm of Ar/SiH, mixture ] 


The low initial base pressure is required to insure the chemical cleanliness of the 
chamber; it is achieved after a thermal bakeout at 150 — 200°C that is designed to re- 
move residual gas contaminants, primarily water vapor, from the chamber walls and fix- 
tures. Water vapor can combine with silane via a homogeneous gas phase reaction to 
produce a silicon dioxide powder, which is detrimental to the thin film depositions. The 
operating pressure of 100-300 mTorr promotes the collision that are required for thin film 
deposition at rates between about 0.05-0.1 and 2-5.0 A/s (2). The relative flow rates 
of reactant and diluent gases provide a range in which stoichiometric compound and alloy 
films have been grown, and in which bonded hydrogen incorporation can be controlled. 
The range of substrate temperatures does not vary deposition rates significantly, but has 
a profound effect on the amount of bonded hydrogen retained in some of the deposited 
films, primarily in the oxides, nitrides and a-Si:H alloys (31,37-39,42). More detailed 
discussions of the effects of processing variables on the film properties are given in the 
references cited above. 


We now describe the way the chamber design in Fig. 1 is designed to implement the 
sequential steps of the Remote PECVD process. The Remote PECVD process can be 
described in terms of four discrete and separate process steps (2): (a) remote plasma 
excitation of a subset of the reactants and diluents; (b) transport of plasma generated re- 
active species from the glow region into the reaction chamber; (c) mixing of the plasma 
extracted reactive species with the remaining process gases; and (d) deposition of a thin 
film on a heated substrate remote from the plasma glow. The chamber designs provide: 
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(i) a fused silica tube in which process gases can be inductively rf plasma excited; (ii) one 
or more gas dispersal rings by which the remaining process gases can be introduced into 
the reaction chamber; (iii) a heated substrate for film deposition that is outside the plasma 
glow region. Backstreaming of gases, introduced through the dispersal rings, into the 
plasma region is minimized by the high flow velocity of the gases travelling through the 
rf excitation tube (43) and the small diffusion length for molecular migration established 
by the relatively high operating pressure (43). 
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Figure 1: Deposition chamber for Remote PECVD with two downstream gas dispersal 
rings (41). 


16.4. CHEMICAL REACTION PATHWAYS IN THE REMOTE PECVD PROCESS 


16.4.1 The Deposition Analysis System 


Figure 2 is a schematic representation of a system that has been used to study depo- 
sition reaction pathways (43). This system contains the gas feed and processing features 
of the chamber shown in Fig. 1, plus two additional tools for monitoring the process re- 
action pathways, optical emission spectroscopy (OES) and mass spectrometry (MS). The 
system consists of the following: (a) a fused silica feed gas tube with provision for remote 
plasma excitation by an inductively coupled rf field; (b) two downstream gas dispersal 
rings to introduce additional process gases; (c) provision to perform optical studies (e.g., 
OES) in the plasma, or downstream regions; (d) provision to sample process and by- 
product gases at different positions in the chamber using MS; (e) a movable, heated 
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substrate for film deposition; and (f) a load lock substrate introduction chamber. In ad- 
dition, studies have been performed in a mode where metallic screens with different bias 
potentials could be interposed in the gas stream in order to determine the extent to which 
ions and/or electrons play a role in particular deposition process reactions. Reaction 
pathways have been studied for the deposition of hydrogenated amorphous silicon, silicon 
dioxide and silicon nitride. 
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Figure 2: Schematic representation of the deposition/analysis system used to study re- 
action pathways in the Remote PECVD process (38,42,53). 


16.4.2 Deposition of Hydrogenated Amorphous Silicon 


We have deposited a-Si:H films using two different excitation mechanisms (36-39); 
these are described by the reactions given below: 


{Arj* +» Art + Ar + e* (17a) 
{Ar}* + SiH, > a- SiH (17b) 
{Ar}* + SiH, + [SiH,], polysilane powders (17c) 
{He}* + Het + He’ + e (18a) 
{He}* + SiH, > a- SiH (18b) 


We have studied the He driven deposition more extensively because it generates a thin 
film of device grade a-Si:H with no other solid or powder reaction by-products (45). The 
Ar process generates polysilane powder via a homogeneous gas phase reaction in addition 
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to thin films of a-Si:H via a heterogeneous surface reaction similar to the one present in 
the He process (37-39). The studies of the He-driven process include (45): (a) OES 
studies of the spectral emission from He plasmas; (b) MS studies of the species extracted 
from the He plasmas; and (c) MS studies of silane under three different conditions: (i) 
when it is the only gas flowing; (ii) when it is mixed with neutral He; and (iii) when it is 
mixed with the species extracted from a He plasma. The results of these studies indicate 
the following (45): (a) OES identifies the formation of metasable He’ species by rf plasma 
excitation; (b) MS and biased grid studies demonstrate that the primary species trans- 
ported from the plasma are Het ions, He neutrals and electrons, and that the He* ions and 
electrons are the SiH, activators; (c) MS studies do not show either a fragmentation of 
silane or the creation of higher silane species, such as disilane, etc., by mixing the silane 
with either neutral He, or the species extracted from the He plasma. The conclusion drawn 
from these observations is that the precursor for film deposition of a- Si:H is an excited 
SiH, molecular species, and that this is produced by an interaction with electrons, and/or 
Het ions (30). Additional insight into this process is gained by studying the substrate 
tempcrature dependence of the deposition rate as shown in Fig. 3, and the substrate 
temperature dependence of the bonded hydrogen incorporation as shown in Fig. 4. 
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Figure 3: Deposition rate versus substrate temperature for: (a) deposition of a-Si:H al- 
loys by Remote PECVD (3,49); and (b) silicon thin films by CVD (46,47). 


Figure 3 shows the deposition rate for a-Si:H is independent of T, for temperatures 
between about 100°C and 300°C , but that is rises significantly for T, > 400°C . We 
have made several observations: (a) the temperature dependence of the deposition rates 
for '"homogoneous" chemical vapor deposition (HOMOCVD) (46,47) and for Remote 
PECVD (48) display similar behavior; (b) in addition to this similarity, the absolute val- 
ues of the deposition rates are also about the same; and (c) for T, > 350°C, the Remote 
PECVD deposition rate increases with about the same activation energy as the 
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HOMOCVD and thermal CVD processes; however, the deposition rate for the Remote 
PECVD process is about two orders of magnitude greater than the thermal CVD rates 
(46-48) at a given temperature. 


Figure 4 compares the total bonded hydrogen concentrations, associated with the 
spectral features characteristic of monohydride and polyhydride bonding environments; 
e.g., SIH, SiH, and [SiH,], , for films grown by Glow Discharge (GD) (3,49) and Remote 
PECVD (36). For T, greater than about 70°C, the amount of incorporated hydrogen is 
always less in the Remote PECVD films. Studies of the distribution of the hydrogen be- 
tween mono- and polyhydride bonding groups also indicate qualitative differences be- 
tween the Remote PECVD films and the films grown by GD or HOMOCVD 
(3,37-39,46,47,50). The most notable difference is in the temperature at which 
polyhydride groups become the dominant bonding configurations. This occurs for T, be- 
low about 200°C in the GD and CVD films (3,46,47,50), whereas in the Remote PECVD 
films, monohydride bonding dominates for temperatures down to about 50 — 100°C 
(36-39). 
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Figure 4: Bonded hydrogen incorporation in Remote PECVD and GD a-Si:H alloys as 
a function of substrate temperature (3,46,47,49). 


The conclusion that is drawn from the comparisons displayed in Figs. 3 and 4 is that 
in the Remote PECVD process, the precursor species for film growth is different than in 
HOMOCVD, ordinary thermal CVD and GD with silane. It has been established that the 
silane molecule undergoes fragmentation into radicals, molecular fragments, ions, etc., in 
the CVD, HOMOCVD and GD processes (3,46,47,49), whereas in Remote PECVD, 
there is no evidence from MS for silane fragmentation (45). We believe that the active 
precursor species for film deposition in Remote PECVD is an excited molecule, SiH, * 
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(45). This is also supported by the very large cross section reported for excitation of 
SiH, by low energy electrons (E < 15eV) (30). 


In addition, it is has been shown that the incorporation of hydrogen in a-Si:H depos- 
ited by GD (49) and reactive magnetron sputtering (51) derives from a surface that is 
saturated with hydrogen where the amount of hydrogen retained in the film is determined 
by substrate temperature (3,51). The comparisons in Fig. 4 lead the to the conclusion that 
the starting point for film growth in Remote PECVD is different from the GD process, 
specifically, below 350°C the surface is not saturated with hydrogen, but has a smaller 
hydrogen coverage determined by the exothermic CVD reaction of the excited silane 
molecules at the growth surface. 


The situation is qualitatively different when species extracted from an argon plasma 
are used. In this instance, it has been reported that in addition to thin film formation with 
similar bonded hydrogen incorporation, there is also a homogeneous gas phase reaction 
that produces polysilane powders of the general composition SiH, , with x < 2 (36-39). 
The formation of the solid films of a-Si:H is accomplished via a deposition reaction path- 
way similar to the remote He excitation pathway described above, but the concurrent 
powder formation implies a parallel reaction pathway in which there is also gas phase 
dissociation of the silane, presumably by Ar+ ions. The reactions for the powder forma- 
tion process are given by a sequence of attachment reactions of the general form (52): 


SiH, + SiH, + SiHe + SiH, > SizHg to > SiH, (20) 


The differences between the He and Ar processes then derive from differences in 
cross sections for the fragmentation process that generates the polymerization initiator, 
SiH,. 


16.4.3 Deposition of Silicon Based Dielectrics 


16.4.3.1 Silicon Dioxide (SiO,): It has been reported that the deposition rate for 
SiO, does not correlate with the plasma generation of atomic oxygen or molecular oxygen 
ions, Ot , and that the most probable active oxygen species is then a molecular 
metastable, oʻ (53). It has also been established that atomic oxygen metastables, O', are 
not generated in rf plasmas (54), so that even though these species are known to be long 
lived, they are not generated in sufficient number to be important in the deposition of 
SiO, by Remote PECVD. The assumption that O,’ metastables are the active species is 
consistent with earlier experimental observations in Ref. 12. Combining the use of MS 
and OES, the following reaction pathway has been found (53): 


O + SiH, > SiO, + H,O + H (21) 


It is also reported that departures from oxide stoichiometry, as Si-Si and Si-H bonds, 
are correlated with high He dilution ratios, He/O, of about 100 or greater (42,53). At 
these high dilutions, OES indicates that He metastable production in the plasma phase has 
increased significantly and dominates the plasma glow. Under these conditions, Het ions 
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and energetic electrons generated via Penning ionization can excite the silane and open 
up an additional parallel reaction pathway for an amorphous silicon alloy constituent. The 
composition of the resulting film will be determined by the relative reaction rates for the 
two processes; deposition of SiO, which requires both SiH,* and O,' and deposition of 
a-Si:H that simply requires SiH,* . This explanation is suggested by the data in Fig. 5, 
where the deposition rate for SiO, is displayed as a function of the He dilution of the O, 
source gas. 


nitrous 
oxide 


oxygen 


Deposition Rate [A/s] 


nitrogen 


.001 -01 1 1 
[XV([X] + [He]) 


Figure 5: Deposition rate versus gas dilution for silicon oxide films grown from 
O, and N,O (33,42,55) source gases, and for silicon nitride films grown from 


NH, and N, source gases (31,57). The source gases in each case are labelled X on the 
figure. 


It has also been shown that an important source of OH contamination in oxide films 
derives from the purity of the oxygen feed gas [the likely contaminants are 
H,O and CH,] (42). This has been established by comparing the OH and OD infrared 
absorption bands in SiO, :(OH) films grown from SiH, and SiD, process gases. In addi- 
tion, SiOD groups are also found in the films grown from the SiD, process gas, indicating 
that OD groups are also generated in the heterogeneous reaction between the 
SiD, and the O, . The generation of OH groups by the intrinsic mechanism appears to be 
correlated with the deposition rate, the higher the deposition rate the greater the SiOH 
incorporation, The incorporation of OH groups has been minimized by using: (a) down 
stream excitation of the oxygen as opposed to plasma excitation of oxygen along with the 
He (53); and (b) N,O gas, rather than Oj, as the source of the oxygen atoms (55). There 
are also reported studies of the reaction pathways in the completely downstream 
excitation process in which active species extracted from a He plasma are mixed with both 
the reactant gases, SiH, and O., or SiH, and N,O (55). The reaction pathways in these 
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processes appear to be essentially the same as in the processes discussed above, i.e., they 
involve a surface reaction between excited SiH, molecules and O,’ metastables. 


16.4.3.2 Silicon Nitride: SiN, 


(a) The Ammonia Process: Studies of the reaction pathways using the NH, reactions 
as described by Eqns. (8 and 14), have indicated the following (56): (i) for pure NH, 
plasmas, the films contain Si-NH bonds, and the OES studies indicate NH and H species 
in the plasma; (ii) for intermediate and high dilutions of NH; with He, to about 95% He, 
the films contain decreasing amounts of Si-NH, and the OES studies show the same NH 
and H species; (iti) for still higher dilutions >95 % He, stoichiometric nitride films can 
be grown. This corresponds to a narrow window, wherein the OES indicates significant 
decreases in NH emission, the presence of increasing N emission, and strong He emission. 
Finally, (iv) at the highest He dilutions >98 % He, He emission dominates and the films 
display significant departures from stoichiometry, containing both Si-Si and SiH bonding 
configurations. These observations cstablish that: (a) plasma gencrated NII species are 
the precursors for Si-NH bonds in the deposited films; (b) plasma generated N species 
are the precursors for "Si-N-Si" bonding arrangements; and (c), paralleling the reactions 
pathways for a-Si:H, silicon suboxides with SiH bonds, He’ metastables are the precursors 
for departures from nitride stoichiometry and SiH incorporation in the resulting 
subnitrides. 


Additional support for this model of two parallel deposition pathways, one for SiN or 
SiNH groups and a second for Si-Si and SiH groups, is derived from comparisons between 
films grown from NH, /He and NH,/Ar mixtures (31,57). In both instances the depo- 
sition rate drops with increasing dilution. For the films grown from NH,/Ar mixtures, the 
decrease in deposition rate is also correlated with the occurrence of SiH bonding in the 
deposited thin films. The limiting deposition rates for T, = 250°C are only a small range 
from about 0.56 A/s for the deposition of silicon diimide films using pure NH, with a 
saturation of SINH bonding groups, Si(NH),, to about 0.81 A /s for mixed nitride /« diimide 
alloys deposited with NH; fractions of about 0.20, and finally to about 0.5 A/s for 
nitrides films with small amounts of bonded hydrogen (less than 5 at.%) and deposited 
with NH, fractions of about 0.05. There is a qualitatively different result for the deposi- 
tion rate versus dilution for films grown from N,/He gas mixtures; this is discussed below. 


(b) The Nitrogen Process: The deposition rate for films grown from N,/He gas mix- 
tures for T, = 400°C increases with He dilution (31,57). This again is a manifestation of 
two different reaction pathways. In this instance the deposition rate for the silicon nitride 
material is smaller than the deposition rate for hydrogenated amorphous silicon material. 
As the He dilution increases, the deposition rate montonically increases from about 0.02 
A/s at the nitride end point to about 0.25 A/s at the a-Si :H end point. If the film depo- 
sition depended solely on the presence of activated nitrogen species, we would expect the 
deposition rate to fall to zero as the source gas is depleted of Ny. Because this behavior 
is not observed, it shows that there is a smooth transition between the nitride deposition 
channel, which depends on the presence of nitrogen, and the a-Si:H deposition channel, 
which, as discussed above, is heralded by the presence of strong He emission lines. This 
explanation is supported by Infrared (TR) and Auger electron Spectrometry (AES) 
measurements which indicate the incorporation of both Si-Si and SiH bonds dilution levels 
greater than about 0.1. Films of silicon nitride have also been deposited with downstream 
injection of nitrogen; in this case the formation of stoichiometric nitrides required very 
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high N, flow rates that correspond to N/Si ratios in the gas phase of greater than 100 
(57). 


16.4.3.3 Silicon Oxynitrides [(SiO,),(Si,N,),_,]. The deposition rate for the silicon- 
oxynitride films grown from O,/NH;/He gas mixtures also reflects a two channel mech- 
anism in the deposition process (32). This is based on the absence of a linear correlation 
between the relative oxide and nitride bonding groups, and the fraction of O, or NH; in 
the feed gas mixture (32). The deposition rate for the "oxide-bonding" component is 
higher than that of the "nitride-bonding" component, and as a result of this the cross over 
point between oxide and nitride rich alloys occurs when the relative oxygen concentration 
in the feed gas is about 10% of its maximum value rather than 50% as would occur for 
equal deposition rates. We have just developed a second process for silicon oxide deposi- 
tion based on N,O as a reactant gas (55). This process is characterized by lower deposi- 
tion rates than the O, process, and therefore offers the potential of being combined with 
NH, in a way in which the relative concentrations of oxygen and nitrogen in the deposited 
oxynitride films are closer to the relative concentrations of the respective oxygen and ni- 
trogen containing feed gases. 


16.5 SELECTED BULK PROPERTIES OF DEPOSITED THIN FILMS 


We will present a short discussion of selected bulk properties of the a-Si:H and the 
silicon based dielectrics. Details are found in the references cited above. For a-Si:H, the 
studies have included chemical, optical and electronic properties (36-39), whereas for the 
silicon dielectrics the major emphasis has been on properties that yield information rela- 
tive to the chemical bonding and composition (31,32,42). 


16.5.1 Hydrogenated Amorphous Silicon 


The primary tool for determining the chemical bonding in the films has been IR 
spectroscopy. Once a calibration scheme has been established (3). this turns out to be the 
most convenient way to determine the bonded hydrogen concentrations. The results of 
our IR studies are included in Refs. 36-39. There are two important observations relative 
to the differences between bonded hydrogen incorporation in a-Si:H alloys grown by 
Remote PECVD and Direct PECVD (or GD): (a) the amount of bonded hydrogen is 
lower in the Remote PECVD a-Si:H alloys by about a factor of at least two over the 
transition temperature range between 100°C and 400°C ; and (b) the way the bonded 
hydrogen is incorporated in the structure in the Remote PECVD films is very different. 
For example, for the temperature range between 100°C and 325°C , the dominant hy- 
drogen bonding group in the Remote PECVD films is the monohydride (SiH) group, 
whereas in the Direct PECVD (or GD) films, polyhydride bonding groups such as SiH, 
and [SiH,],, dominate for deposition temperatures less than about 200°C (3,36-39,50). 


There have been other studies of electronic, optical and photoelectronic properties 
(36-39). The main differences between the Remote PECVD and GD materials are in the 
electronic properties of films deposited below about 200°C , and in excess of 300°C. 
The electronic properties of the GD films degrade significantly for T, below 200°C (3), 
and in addition these low T, films cannot be doped, whereas the Remote PECVD films 
show only very small degradations in electronic properties and doping efficiencies at T, 
as low as 100°C to 125°C (30-32). These differences are correlated with the differences 
in bonded hydrogen incorporation as mentioned above, and are consistent with other 
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studies which have attributed defect generation to changes in the film morphology due to 
polyhydride incorporation (3). In a complementary way the GD films grown with T, be- 
tween about 300°C and 400°C display much better electrical properties than a-Si:H 
grown by Remote PECVD for the same T, range. 


16.5.2 Silicon Dielectrics 


The silicon dielectric thin films have been studied for the most part by techniques 
which elucidate various aspects of the chemical bonding: (a) by IR absorption to detect 
the presence of bonding groups containing hydrogen, i.e., SIH, SiOH and SiNH, and to 
detect departures from oxide stoichiometry; (b) by ellipsometry to measure the index and 
to estimate density; and (c) by Auger Electron Spectroscopy and X-ray Photoelectron 
Spectroscopy (ALS and XPS, respectively) to determine stoichiometry, and in the case 
of the oxynitride alloys to determine the oxygen to nitrogen atom ratio. The details of 
these measurements and the results are included in Refs. 31, 32 and 42. In summary, the 
major advantages of the Remote PECVD process over the Direct PECVD of dielectrics 
identified in these studies are: (i) increased control of bonded hydrogen incorporation and 
stoichiometry by processing variables including relative dilution of gas mixtures and T, ; 
and (ii) the resulting ability to produce hydrogen free (defined by the limit of IR detection 
of about 0.5 to 1.0 at.%) dielectric films at substrate temperatures in the range of 
100°C to 550°C . In addition there have been interesting and informative comparisons 
made between the properties of SiO, films deposited by Remote PECVD, and grown via 
high temperature thermal oxidation of silicon (700 — 1150°C); the results of these com- 
parisons indicate that the local atomic structure and its relationship to the film density are 
different in the thermal and Remote PECVD oxides, but that these differences do not 
reflect on the electrical behavior of the films. Details of these comparisons are in Ref. 56 
and 57. 


16.6 REMOTE PECVD DIELECTRIC FILMS IN DEVICE STRUCTURES 
16.6.1 Silicon Dielectrics in MO5 Capacitors and FETs 


There have been only a limited number of studies in which Remote PECVD dielectrics 
have been used in device structures. The two most notable examples are the use of a tri- 
layer oxide/nitride/oxide dielectric that was used for gate electrodes for a field effect 
transistor device based on (In,Ga)As (26). Three layers were used in the following way: 
(a) the oxide layers formed a barrier to prevent electron injection into the nitride layer; 
and (b) the nitride layer acted as a diffusion barrier to any transport of positive ions 
through the structure. Devices formed in this way displayed a transconductance of about 
75 mS/mm, and showed less than a 5% drift during 24 hours stress bias testing. 


In addition, there have been several studies using SiO, and silicon oxynitride layers in 
MOS and MIS capacitor studies (2,59). For structures using Remote PECVD oxide layers 
deposited for T, between 250°C and 400°C onto crystalline silicon substrates, the fol- 
lowing results were obtained: (a) breakdown fields were in excess of about 8x10° V/cm; 
(b) densities of interfacial traps were generally less than 5x10!%cm-*eV-! , with some de- 
vices displaying levels less than 10!cm-2eV-! (59). Using silicon oxynitrides, in place of 
the oxides has the effect of reducing the break-down field by about 25% to about 6x10° 
V/cm. The achievement of the low interfacial trapping state densities depends critically 
on the processing of the silicon surface; details are discussed in Ref. 59. 
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16.6.2 Amorphous Silicon Devices 


The electronic and optical properties of Remote PECVD intrinsic and n-doped a-Si:H 
alloys deposited at temperatures between about 125°C and 275°C are similar to the 
properties of the so-called device or PV (photovoltaic) grade GD material (3,36-39). 
However, these films have not been used in device structures, e.g., p-i-n solar cells or 
TFT’s. 


16.7 RECENT DEVELOPMENTS IN REMOTE PECVD 


16.7.1 Integrated Processing with in situ Process Diagnostics and in-situ Sur- 
face Analysis 


In-situ analysis and in-situ diagnostics have been on going themes of the research ac- 
tivities at both North Carolina State University (NCSU) (41,44) and at the Research 
Triangle Institute (RTI) (59). The rationale behind the use of in-situ techniques is fairly 
straightforward. In some instances there are narrow windows in processing variables 
whereby some type of spectroscopic feedback can by used to maintain film composition 
and purity. One example is the use of OES to monitor the emission spectrum from 
He/NH; discharges to define the regime wherein atomic N spectral features are present, 
and thereby indicate that hydrogen free films with nitride stoichiometry can be deposited. 
With regard to in-situ surface analysis, this has been uscd in two ways: (a) to determine 
the character of silicon surfaces prior to dielectric film deposition for MOS structures 
(41,59); and (b) to determine oxide and nitride stoichiometry in deposited dielectrics 
(41). 


The research performed at NCSU has used multi-chamber systems with in situ diag- 
nostics and/or analysis (34), while the RTI approach has been with both in situ and free 
standing analysis, and with UHV transfer accessibility to the free standing instrumenta- 
tion. 


16.7.2 Other Material Systems 


In addition to the materials described above, the Remote PECVD process has been 
used to deposit Group IV crystalline semiconducting films. This was done primarily at the 
RTI. Materials so far deposited include Si, Ge and Diamond (27,41). Preliminary studies 
indicate that films of compound semiconductors, e.g., GaN and BN (60) can also be 
grown by this approach. 


There are also plans to extend the approach to other deposition chemistries employing 
different types of feed gases, e.g., halogenated silanes, SiH,Cl, , and organometallics, 
Si(CH;), as sources of silicon atoms, and thereby extending the technique to additional 
materials such as multicomponent or mixed oxides, and metals and metal alloys. 


16.7.3 Subcutaneous Oxidation Processes During Remote PECVD 


We have have recently discovered that there can be oxidation reactions occurring at 
a semiconductor substrate during the Remote PECVD process, particularly during the 
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deposition of SiO, thin films (61). We have found evidence for this process occurring for 
both Si and GaAs substrates. In the case of deposition of silicon oxides and oxynitrides 
on to silicon, the oxide that forms on the silicon substrate is self-limiting and grows to a 
thickness between 25 and 30A . We have not as yet determined the thickness or compo- 
sition of the native oxide formed on GaAs, although preliminary studies of the oxide 
character by AES indicate it has more Ga,O, character than arsenic oxide character. 
These subcutaneous oxidation processes have important implications for the fabrication 
of device structures. In the case of Si/silicon oxide or oxynitride interfaces, the 
subcutaneous oxide does not prevent the formation of electronic grade device structures 
with low densities of interface traps, high breakdown fields, etc.. In fact, the subcutaneous 
oxide could possibly be the factor that promotes the excellent interfacial properties. In 

contrast, the subcutaneous oxidation of GaAs clearly degrades MOS/MIS device char- 
acteristics. We cannot form good GaAs MOS/MIS structures unless there is a 20-50 A 
pseudomorphic silicon layer grown on the GaAs substrate prior to oxide deposition. This 
silicon layer must be thick enough so that it is not fully consumed in a subcutaneous 
oxidation process during the deposition. Similar considerations apply to the formation of 
germanium MOS/MIS structures. On the other hand, we have observed that oxide films 
could be directly deposition on (in,Ga)As_ substrates, with the resulting 
semiconductor/dielectric interface displaying excellent device characteristics (26). This 
means that subcutaneous oxidation of the (In,Ga)As is qualitatively different from the 
subcutaneous oxidation of GaAs. 


The subcutaneous process proceeds in much the same way as a thermal oxidation or 
anodization process, i.e., active oxygen species (presumed to be atomic) are transported 
through the depositing oxide layer to the semiconductor surface and promote the 
oxidation process reactions at that surface. This means that the boundary between the 
semiconductor and the dielectric material is not the starting semiconductor surface, but 
rather is buried beneath that surface. This phenomenon clearly needs additional study, 
since it is one of the important considerations for device fabrication. 


16.8 SUMMARY 


We have described the important differences between conventional or Direct PECVD 
and rf-cxcited Remote PECVD for the deposition of a-Si:H alloys and for silicon 
dielectrics. We have shown that the two PECVD processes are fundamentally different 
with regard to the multiplicity of deposition pathways, which in turn has a significant ef- 
fect on the ability to use process variables to control film composition and purity. In the 
direct process the simultaneous plasma excitation of all reactant gases and diluents opens 
many possible reaction pathways and thereby makes it virtually impossible to restrict de- 
Position reactions to those which promote only the desired thin film bonding chemistry. 
There is one counter-example of a direct process for SiO, deposition where very high 
levels of silane dilution (up to 104:1 of He:silane) suppress plasma excitation of the silane 
gas and thereby restrict deposition pathways according (20). 
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Selective Bias Sputter Deposition 


Soren Berg and Claes Nender 


17.1 INTRODUCTION 


It is quite common, during sputter deposition, to introduce some bias to the substrate. 
This normally improves the quality of the deposited film, due partly to a low energy ion 
bombardment of the growing film that may preferentially remove loosely bonded atoms 
or molecules from the surface. The energy released by low energy ions to the surface may 
also increase the surface mobility of the incoming atoms. Thus more of these atoms will 
find stable sites before nucleation. The normal energy of the substrate bombarding ions 
in bias sputtering is in the range of 50-150 eV. In this energy interval the sputtering yield 
values for most materials are very low. However, the situation may drastically change if 
the bias is increased to a somewhat higher level. In this case a competition will take place 
between deposition of material from the target to the substrate and sputter removal of this 
material from the substrate by the high energy ions. In Fig.1 a schematic drawing of a 
typical bias sputtering system is shown. In this system the substrates are resting on the 
substrate table.The target and the substrate table may be excited individually. In such a 
system the sputtering of material from the target may be kept almost constant by keeping 
the target voltage fixed at a certain value, Vq . The voltage applied to the substrate table, 
Vs, may then be varied independently. By increasing the substrate bias Vs and keeping 
Vz constant one can expect the net deposition rate to decrease. This is due to an increas- 
ing fraction of the deposited material that will be removed by physical sputtering. At a 
certain bias value, Vs, one will find that the sputter removal rate equals the material de- 
position rate. The net deposition rate at the substrate will then be zero. If the substrate 
bias is further increased a net substrate etching will occur. The above described effect has 
been observed and is well known since the time of the introduction of the bias sputtering 
technique. 
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Figure 1: Schematic drawing 
of a bias sputtering system 
used for selective bias sputter 
deposition. Vz and Vs repre- 
sent the voltages exciting the 
target and the substrate re- 


spectively. 
CA] la > 


a 
SUBSTRATE TABLE 


Vs 
17.2 SUBSTRATE DEPENDENT BIAS SPUTTER DEPOSITION 


The region, close to zero net deposition rate in bias sputtering, has not been studied 
earlier in any greater detail. It has recently been observed that this processing region ex- 
hibits substrate dependent properties (1-4). It is thus possible to obtain different effects 
on different substrate materials during identical processing conditions. Fig. 2 illustrates 
schematically what can be observed during bias sputter deposition of target material onto 
two different substrates during identical processing. The result is usually that the bias 
values for zero net deposition rates Vs, and Vsp, as described in the figure, are not 
identical for different substrate materials. In the substrate bias region, where 
Vsa < Vs < Vsp, a net target film deposition will occur on substrate material B while no 
material will be deposited onto substrate material A. In fact the substrate surface of ma- 
terial A will be slightly sputter etched (negative "deposition" rate). In the processing re- 
gion Vsa < Vs < Vsp a Selective bias sputter deposition region is found. A patterned 
substrate wafer may thus be selectively coated with one of the materials in this processing 
region. A schematic drawing of such a substrate structure before and after selective bias 
sputter deposition is shown in Fig 3. As indicated in this figure, it is possible to fill a hole 
selectively on a patterned substrate structure without using any masking technique. 


Figure 2: Schematic drawing 
of the deposition rate as a 
function of bias voltage Vs for 
the system shown in Fig. 1. 
V; is assumed to be kept con- 
stant . The two curves repre- 
sent deposition on two 
different substrates (A and 
0 B). 
Vsa Vsp 


Deposition rate (a.u.) 


Substrate bias voltage 
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Selectively deposited 
r4 target material 


Before Processing After Processing 


Figure 3: Schematic drawing of a patterned substrate consisting of the two materials A 
and B exposed to the bias sputtering process operating in the region Vsa < Vg < Vsp as 
defined in Fig. 2. 


17.3 DEPOSITION-ETCHING BALANCE IN BIAS SPUTTERING 


The fact that the deposited target material is more easily removed from substrate A 
than from substrate B in Fig.2 is due to differences in the surface phenomena at the 
interface between the substrate and the ion-assisted growing film. This interface formation 
may at a first approximation be described as a balance between deposition of target ma- 
terial and sputter removal of this material from the substrate surface. The situation, at the 
substrate surface, is shown in Fig. 4. The substrate surface is, at a certain time t, partially 
covered by the deposited target material. The fraction of the surface covered by a film 
is denoted ©. The arrow F+ represents the flux of sputtered target atoms arriving at the 
substrate. Those atoms that arrive at the fraction (1 — ©) of the substrate will have a 
certain sticking probability «s to the original substrate material. Atoms from the target 
arriving at the © fraction of the substrate surface will face a film consisting of target ma- 
terial. The sticking probability for atoms arriving on this area may be different from others 
and will be denoted a; . The number N, of sputter deposited target atoms on the substrate 
will be 


N, = Fyl(t = O)as + Cay] (1) 


Due to the biasing conditions, the substrate is bombarded by an argon ion flux J that 
causes sputter removal of some of the deposited film. The sputtering yield of the deposited 
film is denoted S. The bias sputtering will erode some of this deposited material. The 
number N, of target atoms sputtered away from the deposited substrate surface will be 


N, = JOS (2) 
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By definition there is no film of target material on the (1 — ©) fraction of the 
substrate surface. When © approaches 1, the original substrate is completely covered by 
a film of the target material. Therefore the conditions during further deposition will not 
depend on the original substrate material. To understand the selective deposition shown 
in Fig. 2, we have to investigate in some detail the deposition/etching balance on the 
surface in the region 0 < © < 1. This can easily be done by plotting the N, and N, from 
Eqs. (1) and (2) in the nomogram, shown in Fig. 5. The two solid lines represent the 
deposition fluxes onto two different substrate materials, Eqs. (1). The two dotted lines 
represent two different sputter removal fluxes from these substrates due to the bias ap- 
plied to the substrate table, Eqs. (2). 


Be ne p J 


Figure 4: Schematic of parti- 
cle fluxes on a substrate sur- 
face during the bias sputter 
deposition process. © repres- 
ents the fraction of the 
substrate surface covered by 
target atoms. Fy represents 
the incoming flux of sputtered 
target atoms and J is the Ar 
ion flux that causes sputter 
erosion from the substrate 
surface. 


8 (1-6) 


When the surface is completely covered by a thin film of the target material (9 = 1), 
the sticking coefficient is a; in both cases. That is why the two solid lines coincide at this 
point for © = 1. However, at the initial stage of the deposition process (O = 0), the 
incoming flux of sputtered target atoms will face an uncoated original substrate surface. 
The two substrate surfaces may differ in the sticking probabilities a, and ag to the in- 
coming flux of sputtered target atoms. This is the reason why the deposition fluxes start 
at different values at © = 0. Two levels of sputter erosion, J, and J}, are shown in the 
nomogram. J, is selected so that J,S > Frar. The dotted line that represents this sputter 
erosion level in Fig. 5 crosses both solid lines. Before these crosspoints the deposition rate 
is larger than the sputter removal rate and a net deposition of target material occurs at the 
substrate surface. However, at the crosspoints the net deposition will be zero. At these 
points the deposition saturates and no further net deposition will take place. The 
substrates will thus only partly become covered by the target material. This fractional 
coverage © will be slightly different for the two substrates. J, may be selected in a way 
so that J,S < Frar. In this case the deposition rate always exceed the sputter erosion rate. 
A net deposition will therefore, in this case, always occur onto both substrates. The net 
deposition rate will be different for the two substrate materials as long as O < 1. How- 
ever, as © > 1 the deposition rates will be equal and constant onto both substrates. The 
flux N, of deposited atoms will simply be 
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N, = Frar — 1,8 (3) 


This simple description indicates that the deposition conditions depend on the original 
substrate before the substrate is completely covered by target material during bias sput- 
tering. However, it did not enable us to explain the possibility of depositing a thick film 
on one substrate while obtaining an almost uncovered surface on the other substrate sur- 
face. 


Figure $: Nomogram represent- 
ing, in the region 0 < © <1, the 
rate of deposition on to two dif- 
ferent substrates, A and B (solid 

+ lines). The etching of the depos- 
ited material is represented by the 
dashed lines. Two different etch- 
ing intensities J,andJ, are 
shown. The sputtering yield value 
was assumed to be constant dur- 
ing processing according to ex- 
pression (2) in the text. 


Surface coverage 0 


17.4 SPUTTERING YIELD VALUES AT THE FILM-SUBSTRATE INTERFACE 


Expression (2) above neglects that the deposited atoms that arrive from the target to 
the substrate surface, at the initial stage, will bind to the partly covered substrate surface 
with a binding energy that depends on the composition of this surface. According to the 
sputtering theory (5) the sputtering yield value S$ is determined by 


30M E 
4a (Ma, + Mr) Epi 


where E is the energy of the incoming argon ion, Ma, is the mass of the argon ion, My is 
the mass of the target (film) atom, Eg; is the binding energy of the atom to be sputter re- 
moved and o is a constant. At the initial stage of deposition (© = 0), the incoming target 
atoms will stick to a surface purely consisting of original substrate atoms.The binding en- 
ergy of a target atom on this surface may be denoted Ers. When this atom is removed 
by sputtering it will have a sputtering yield value S(E;s) given by Eq.(4) using 
Egi = Eis. When the substrate is completely covered by a film of target material ( 
© > 1) further incoming target atoms will bind to the deposited film with a binding energy 
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Err. The corresponding sputtering yield value will be S(Err) where Ep; = Err in Eq.(4). 
The binding energy Eg; will gradually change from Eyg to Err as © increases from 0 to 
1. One may therefore conclude from Eq.(4) that the sputtering yield of the deposited 
target material gradually changes from Sys to Srr in the fractional surface coverage in- 
terval 0 < © < 1. To describe the bias sputter deposition process more correctly the 
sputtering yield value in Eq. (2) has to be replaced by a yield value that depends on the 
surface fractional coverage ©. At a first approximation the sputtering yield may be writ- 
ten as a linear function 


S(O) = Spoil - nO - 9)] (5) 


where u is a constant that may be positive or negative depending on which of Srr or Sts 
has the largest value. Inserting Eq.(5) into the Eq. (2) will give a new expression for the 
flux N, of material sputtered away from the surface 


N, = J O Syl! — wl - 9)] (6) 
This expression is no longer linearly dependent on @. 


17.5 SELECTIVE BIAS SPUTTER DEPOSITION 


Figure 5 may be replaced by a new nomogram using Eq. (6) as a measure of the 
sputter removal effect. This is shown in Fig. 6. In this figure the solid lines represent the 
deposition process identical to those in Fig. 5. The dotted curves represent the sputter 
removal effect according to Eq. (6). If J = J, is made high the sputtering curve will cross 
the deposition lines for both substrate surfaces somewhere in the interval of 0< 0 <1. 


- Figure 6: Nomogram identical 
to Fig. 5, but using a sputtering 
yield value that depends on the 
fractional coverage © as in Eq. 


(6). 


Surface covcrage @ 


The net deposition rate at these points then will be zero and the surface coverage satu- 
rates at a value of © < 1. This processing condition does not give rise to any selective 
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bias sputter deposition. However, if the sputter intensity is somewhat reduced toJ = J, 
a very interesting situation may occur. The sputtering curve will now cross only one of 
the substrate deposition lines. This indicates that we have a situation where we will obtain 
film deposition on the substrate surface B but not on substrate A. The film thickness on 
substrate material A will saturate at a fraction of a monolayer. The film thickness on 
substrate B may be grown to any desired thickness. A selective bias sputter deposition 
processing region may thus be theoretically predicted from this nomogram. 


In Fig. 7 the general shapes of the time dependent growth in film thickness on the 
above described substrates are shown. At © = 1 the substrate is completely covered by a 
film of target material. The film thickness on substrate A will never reach this level. This 
substrate will thus never be completely covered by a film irrespective of the processing 
time. The deposition thickness on substrate B will exceed © = 1 and continue to grow as 
long as the process continues. 


Deposition thickness (a.u) 


Deposition time (a.u.) 


Figure 7: Time dependent growth in film thickness on the two substrates described in 
Fig. 6 for the conditions that J = J,. On substrate B the deposition rate always exceeds 
the etching rate. Film growth will proceed during the whole processing time. On substrate 
A deposition rate will be identical to the etching rate at a certain value of 8,0 << @ < 1. 
The film thickness will saturate at this coverage value. 


Selective bias sputter deposition has been observed experimentally (2). In Fig. 8 the 
results from rf bias sputter deposition of Ti in argon onto substrates of Si, Au and Pt are 
shown. During this experiment the bias voltage Vs was kept constant. These results clearly 
demonstrate that selective bias sputter deposition can be obtained. At Vy = 1.75kV, Ti 
will be deposited onto Si and Au substrates but not on the Pt substrate (The substrates 
were made up by thin films of Si, Au and Pt deposited onto silicon wafers). 
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Figure 8: Experimentally ob- 
served Ti film thicknesses on 
three different substrates after 
selective bias sputter deposition 
in 15 minutes. The substrate bias 
was kept constant 0.8 kV. From 
ref. (2). 


Ti film thickness [ A] 
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17.6 SELECTIVE BIAS SPUTTER ETCHING 


A fundamental feature should be pointed out of the selective bias sputtering process. 
No substrate can be deposited on by this technique without undergoing a certain amount 
of sputter erosion of the original substrate surface (4). Before the surface is completely 
covered by a thin film (O < 1), the fraction (1 — ©) of the original substrate surface is 
exposed to argon sputter erosion. This sputter erosion will decrease as the value of © in- 
creases. Finally, when © approaches unity, (1 — ©) = O, and further erosion is now 
prevented by the film that has been formed on top of the substrate surface. A schematic 
drawing of this substrate etching effect during bias sputtering is shown in Fig 9. In this 
figure the substrate is shown before and after bias sputter deposition of a thin film. It is 
important to realize that some part of the upper layers of the original substrate has been 
etched away during the period when © < 1 . Therefore the value of the film thickness 
d, is different from the value of the step height d. 


Original surface 
level N Figure 9: Schematic of unavoid- 
able substrate etching during high 
M oe y bias sputter deposition. The ori- 
YY) Wy) YW: ginal substrate is etched (d, — d) 
before the substrate surface is 


completely covered by a film of 
Before processing After processing target atoms. 
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In normal bias sputtering (Vs < 100Volts) the difference (dọ — d) is negligible. 
However, at high bias sputter deposition this difference may be as large as several thou- 
sand Angstroms. A mechanical stylus or multiple interference microscope thickness 
measurement will not produce a proper measurement under these biasing conditions. 
These techniques normally measure the stepheight d instead of the actual film thickness 
dy- 


The selective bias sputtering deposition technique may also be used as a mask-less 
selective etching process. In Fig. 2 it was pointed out that in the region Vsa < Vs < Vsp 
deposition took place onto substrate B while etching occurred at substrate A. Selective 
etching of material A takes place in this processing region. By using e.g. carbon as the 
target material, substrate areas of material B will be covered by a carbon film while 
substrate areas of material A will be etched to the desired depth. After processing, this 
carbon layer can easily be removed by stripping in an oxygen plasma. A simplified draw- 
ing of the three steps involved are shown in Fig. 10. 


Figure 10: Principle of mask- 

less selective bias sputter etch- 

a) Before processing ing. (a) Patterned structure 

before processing. (b) Target 

material (e.g. carbon) is selec- 

tively bias sputter deposited 

onto substrate areas of material 

b) After sclective B. Substrate areas of material 

ses i A will be exposed to a net 

deposition / etching etching effect assuming that A 

and B behave like in Fig. 7. (c) 

The deposited carbon can eas- 

ily be removed by conventional 

ee oxygen plasma stripping, leav- 

stripping ing a selectively etched pat- 
terned substrate. 


c) After oxygen 


17.7 THE SELF LIMITING ETCH DEPTH TECHNIQUE 


A further unique property of this bias sputter deposition process is that it enables 
etching to a predetermined depth without using the etching time as a parameter to deter- 
mine the etch-depth. In Fig. 9 is shown that it is unavoidable to etch away some substrate 
material before the substrate is completely covered by a film of the target material. This 
ctch depth is determined by the processing paramctcrs and the properties of the substrate 
material. However, once the substrate has been covered by some monolayers of the target 
atoms no further etching of the original substrate surface will take place. This effect is 
called the Self Limiting Etch Depth effect (1). Without going into the mathematical de- 
tails, Fig. 11 shows a schematic drawing of the etch-depth penetrations into two different 
substrates (called X & Y ) as a function of bias sputter etching/deposition time. The 
processing conditions have been assumed to satisfy the requirements that the substrates 
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will be completely covered by a film of target atoms. From Fig. 11 it is seen that the etch 
depths saturate (dy and dy) after certain times (tx and ty). These length of times are the 
times needed to deposit some monolayers of film onto the substrate surface. This film will 
then prevent further etching of the underlaying original substrate surface.If the processing 
continues further, the film deposition will continue also, but no more etching of the 
underlaying substrate will be possible. Thus, as long as the processing time tp is made long 
enough (tp > ty, ty) the etch depth into the original substrate will depend only on the 
plasma/substrate conditions and not by the processing time. Neither conventional argon 
sputter etching, nor plasma etching have this property of etch depth saturation. 


Figure 11: Principle of etch 
depth penetration into original 
substrate surface during selec- 
Substrate X tive bias sputter deposition onto 
two materials X and Y. The 
substrates are covered by a film 
Substrate Y of target atoms after the times 
tx andt, respectively. Etch 
depths saturate at dy and dy in 
the two substrates. 


Etch depth (a.u.) 


H t 
ty tx tp 
Processing time (a.u.) 


17.8 CONCLUSIONS 


High bias sputter deposition may introduce substrate dependent film thickness for- 
mation. The reason for this effect is that sputter etching of the substrate takes place si- 
multaneously with film deposition. This causes the substrate/film interface to be exposed 
to ion bombardment for a prolonged time. During this ion bombardment of the interface, 
the sputter erosion rate is substrate dependent. As soon as the interface is completely 
covered by the deposited film, the substrate dependence of the film growth-rate disap- 
pears. Utilizing this property of the plasma exposed interface, makes it possible to design 
bias sputter processing conditions that enables selective deposition or selective etching 
of patterned substrates.Thus it is possible to obtain maskless deposition or etching of 
patterned substrates with this technique. 
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Vacuum Arc-Based Processing 


David Sanders 


18.1 INTRODUCTION 


Vacuum arcs have been employed for current interruption in commercial power sys- 
tems since the early 1960’s. While they were first suggested as a source for making vac- 
uum coatings by Wroe (1) in 1958 and Gilmour (2) in 1972, it was only with the 
appearance of American and Russian patents by Snaper (3-4) in 1971 and Sablev (5-6) 
in 1974, respectively, that the use of arcs for the production of coatings achieved any 
commercial significance, and then only in the USSR in the late 1970’s. In the United 
States, vacuum arcs have been employed since the mid-1980’s for the application of 
titanium nitride to prolong the lifetime of cutting tools used to machine metals. The 
technology involved has been based either on the Snaper patent coupled with more recent 
patents by Mularie (7-8) or on that originating with Sablev. The chief advantages touted 
in using arc technology for this application are its intrinsic high coating rate and the ability 
to produce adherent stoichiometric nitrides having relative insensitivity to nitrogen partial 
pressure. 


In the last five years, there has been an increasing body of experimental (9-10) and 
theoretical (11-12) evidence that energetic physical vapor deposition techniques can en- 
able the production of coatings having improved physical and chemical properties (e.g., 
improved density, enhanced adhesion, improved stoichiometry, and a more bulk-like in- 
dex of refraction). Since the highly ionized coating atoms produced by arc technology can 
be used to supply such energy at exactly the location where it can do the most good, (i.e., 
the interface where the coating is being formed) it would seem beneficial to explore arc 
coating technology for additional application opportunities. 


In Russian literature there are many examples where the high degree of ionization of 
arc-produced vapor makes it possible to achieve combinations of coating properties and 
structure with processing conditions which cannot be achieved using competitive tech- 
niqucs such as clectron beam evaporation or magnctron sputtering. This is duc to the 
opportunity to control the ionized coating atoms using the combination of magnetic and 
electric fields. One example of such a combination is the ability to produce dense coatings 
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at high rates and low substrate temperatures. Another is the possibility of achieving good 
adhesion with a wider variety of coating - substrate combinations. In addition, the ionized 
plasmas available from the cathodic arc show an enhanced reactivity during reactive 
coating. This leads to excellent composition control during the fabrication of compound 
coatings such as oxides and nitrides. Finally, the increased energy available makes pos- 
sible unusual coating structures such as carbon coatings having hardnesses reported to 
exceed that of natural diamond. 


The purpose of the present chapter is to review some of these opportunities as well 
as to identify deficiencies in current understanding in order to stimulate further investi- 
gation. To achieve this purpose, vacuum arc technology will be discussed in general terms 
to show how it is related to other vacuum processing, particularly with respect to the 
production of coatings. Emphasis will be devoted to source design considerations be- 
cause, as will be stated, the design of suitable sources is a critical aspect in the further 
development of arc technology for exciting new applications. Representative examples 
of superior physical properties of coatings produced by vacuum arcs will be presented, 
followed by a description of some of the applications which could be addressed using 
those coatings. Finally, some of the areas requiring further investigation will be identified. 


18.2 CATEGORIES OF VACUUM ARCS 


Karl T. Compton of Princeton University defines an arc as "a discharge in a gas or 
vapor, that has a voltage drop at the cathode of the order of the minimum ionizing or 
minimum exciting potential of the gas or vapor". J.M. Lafferty adds that "the arc is a 
self-sustained discharge capable of supporting large currents by providing its own mech- 
anism of electron emission from the negative electrode" (13). The "arcs" discussed in 
this chapter will be those which are sustained at least in part on the plasma produced by 
the erosion of one or both electrodes. These are the arcs which can provide high current 
densities (>10 As/cm?) of metal plasma for subsequent vacuum processing. 


Figure 1, based on Refs. 13 and 14, illustrates the relationship between the vacuum 
arcs and other discharges. At high voltages and low currents, one sees a “normal glow” 
discharge when there is an appropriate pressure of gas in the vacuum chamber to sustain 
it. In this region, increases in current do not increase voltage appreciably and there is in- 
significant erosion of the electrodes. As the current is increased further, the voltage also 
increases, indicating the transition into the "abnormal glow" region. It is in this regime 
where removal of material from the negatively charged electrode (cathode) occurs by 
sputtering (15). The behavior of the discharge within the abnormal glow region depends 
on the extent of electron emission of the cathode. With a cold cathode having a low value 
of electron emission, an abrupt change in the voltage/current behavior will sometimes 
occur where the voltage drops by more than an order of magnitude and then increases 
only slightly as the current is further increased. This occurs only in the discrete cathode 
spot case. With a sufficiently hot cathode yielding increased electron emission, there is a 
more gradual transition to a different arc mode where the current density of the electron 
emission site is many orders of magnitude lower than in the discrete spot case. This is the 
distributed discharge vacuum arc. With appropriate power supplies and electrode con- 
figurations it is possible to limit the current so that the arcing occurs at a higher voltage 
to produce still another type of vacuum arc, designated the “high voltage arc" in this 
chapter. Examples will be presented where each of these modes of arc behavior is em- 
ployed. 
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Figure 1: Voltage/current behavior of various types of vacuum discharges. 
18.2.1 The Discrete Cathodic Arc 


Figure 2 illustrates the emission site from a localized cathodic arc. This site or arc spot 
can sustain between 10 and 150 A depending on the cathode material. The uncertainty 
in the current density passing through these arc spots results from the uncertainty in the 
size of the spots themselves. This current density, as reported by various investigators, 
ranges widely from 104 to 108A/cm? (16-21). The arc spot is active for a short period 
of time, extinguishes and then re-forms in a new location adjacent to the previous arc 
crater. This gives rise to the appearance of motion of the arc. The apparent rate of mo- 
tion is a function of the cathode material, the temperature, the magnetic fields, and the 
presence of gas molecules as will be discussed shortly. 


As illustrated in Fig. 2, electrons, ions, macroparticles and neutral vapor species are 
emitted from the cathode spot. Electrons flow through the arc spot to surfaces in the 
chamber having a positive potential with respect to the cathode. For a wide variety of 
materials, the positive ion current is of the order of 10% of the arc current (22). 


Table 1 gives the characteristics of ions emitted by the discrete cathode arc for a 
number of compositions. As can be seen, the energy of the ions exceeds the arc potential 
in all cases. This is thought to be due to positive space charge which is built up in front 
of the cathode caused by the plasma jet formed in front of the arc spot (17,20). The 
charge state of ions from the arc spot also varies according to composition (22). Metals 
thal are more refractory tend to have a greater proportion of higher charge states. 


422 Handbook of Plasma Processing Technology 


Electrons 


Positive lons 


Positive Space 
| Pa Charge Region 
Macroparticles 
© 
‘So OF 
e 
Retrograde B 
Motion 
Direction Target 


at Cathode Potential 


Figure 2: Schematic of the discrete cathodic arc spot. Note the retrograde direction de- 
fined by the magnetic field and the plasma flux. 


The greatest drawback of the localized cathodic arc process involves the emission of 
macroparticles. These chunks of material vary in size depending on the cathode compo- 
sition and temperature. They are thought to result from spattering of molten material 
from the edges of the arc crater. As illustrated in Fig. 2, the vast majority of these 
macroparticles is emitted at an angle of roughly 10-20 degrees from the cathode plane 
(23). The reduction of macroparticle formation and/or the subsequent filtering to re- 
move macroparticles has been an active area of investigation since arcs were first consid- 
ered for coating sources. 


The neutral species emitted from the cathode arc spot are thought to be due the 
vaporization of small macroparticles by the interaction with the plasma (24). The fraction 
of ions to neutrals depends on the cathode material, this ratio being greatest for refractory 
metals such as molybdenum and tungsten. 


As stated earlier, there are three major external influences on the cathode arc spot 
behavior. One is the presence of a magnetic field. Magnetic fields affect the arcing 
voltage as well as the rate and direction of motion of the arc spot (25-28). Fig. 2 illustrates 
the so-called retrograde motion which is observed as a result of magnetic fields which are 
parallel to the cathode surface. The retrograde velocity increases with magnetic field 
strength to a saturation point. The motion of the arc in an inhomogeneous magnetic field 
oriented at an angle with the cathode surface is described in the section on arc control 
using magnetic fields. 


Table 1: Comparison of characteristics of some vacuum deposition processes. 
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Gas molecules also have an effect on arc behavior (29). There is a profound dif- 
ference, for instance, between the arcing behavior of a pristine surface and one which has 
adsorbed gas molecules. Arcs occurring in the presence of reactive gas tend to move 
faster and produce smaller macroparticles which are fewer in number (30,31). At still 
higher pressures the discharge changes in character and the electrodes are no longer 
eroded by the arc (13). 


The final influence on arc behavior is the cathode temperature. At low temperatures, 
the arc tends to move more rapidly, producing smaller macroparticles. At higher tem- 
peratures, the arc spots move in concert at slower rates (32-33). This change in behavior 
coincides with an increase in size and quantity of emitted macroparticles. As described 
earlier, at still higher temperatures the nature of the discharge changes completely so that 
the discharge no longer occurs through discrete arc spots, but rather is distributed over the 
cathode. More will be said about this shortly. 


Table 2 shows the influence of cathode composition on current carried by an arc spot 
as well as the voltage required to sustain that arc spot. As the arcing current increases, 
the current passing through a particular spot is able to remain constant because the in- 
creased current is carried by the formation of additional spots which exist simultaneously 
on the cathode surface. This simultaneous existence of multiple cathode spots gives rise 
to one of the names assigned to this particular type of discharge, i.e., "the multiple 
cathodic arc". 


The localized cathodic arc is characterized by high frequency fluctuations in both 
voltage and current. These variations are due to the extinguishing of old arc spots and the 
formation of new ones (33). 


Table 2: Characteristics of the discrete cathodic arcs of some selected elements. 


Element 


Arc Voltage 


Ton K.E. (ev) 


% in Charge 
State 
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18.2.2 The Diffuse Arcs: 


At high temperatures where there is substantial electrode emission, so-called distrib- 
uted or diffuse arcs are formed. These diffuse arcs have the potential for producing ex- 
tremely high ion currents without the presence of macroparticles (14)(34). Anodic arcs 
are formed when the anode presented to the cathodic arc plasma is permitted to heat up 
and emit ions (35-37). Once erosion of the anode starts to occur, plasma from the anode 
forms the basis for the discharge and the erosion of the cathode stops. The distributed 
discharge cathodic arc is formed when the cathode is allowed to increase in temperature 
to the point where the cathode material has sufficient vapor pressure to lead to this type 
of arc. Little is understood concerning the exact nature of either of the diffuse discharge 
arcs, particularly with respect to the mechanisms of electron emission (37). Nevertheless, 
as is illustrated in the section on source design, both show promise as sources for new ion 
beams where the presence of macroparticles is of concern. 


The least understood of the discharges, trom a coating-source point of view, are the 
high voltage arcs described in Refs. 38-41. These arcs are apparently operated near the 
maximum in the voltage/current curve in Fig. 1. As one might expect, the current must 
be limited by some means to prevent the natural tendency of the system to go to higher 
currents and lower voltages characteristic of the arcs just discussed. The current limiting 
is accomplished with the power supply and/or by disruption of the discharge. The char- 
acterization of the plasmas produccd by these discharges is not discussed in the references 
cited as these investigations were restricted to the analysis of the coatings produced. The 
encouraging results which were discussed suggest that measurements of the plasma char- 
acteristics are justified to fully make use of this type of arc for the production of coatings. 


18.2.3 Summary of Arc Types 


Table 1 summarizes the categories of arcs which have been described in this section 
emphasizing their characteristics for coating sources. Some other types of coating sources 
are also listed for comparison. The cathodic arc offers the highest energy vapors because 
it produces multi-charged ions with potentials which are greater than the arcing voltage. 
The cathode is cooled, making it possible to operate it in any orientation. The disadvan- 
tage of the cathodic arc is the production of macroparticles. While the negative effects 
of these macroparticles can be minimized or eliminated using concepts to be discussed 
shortly, such efforts complicate source design. The distributed discharge cathodic arc and 
the anodic arc both operate with hot eroding electrodes. They provide a means of 
producing ionized vapor without macroparticles. The energy of the ions is not as high as 
in the cathodic arc case and the ions are singly charged. Nevertheless, the fraction of 
vapor which is ionized can approach 100% and these ions can be accelerated using elec- 
tric fields to achieve enhanced coating properties. The most poorly characterized plasmas 
are those from high voltage arcs. While interesting coating properties are reported (e.g., 
epitaxy at lower substrate temperatures), at this point the degree of ionization of the va- 
por flux is an unknown. Certainly, further investigation in this area will be required if high 
voltage arcs are to be exploited for making coatings. 


18.3 SOURCE DESIGN CONSIDERATIONS 


The purpose of this section is to provide a picture of the wide diversity that is possible 
in vacuum arc and coating technology. To accomplish this, the section will be divided into 


426 Handbook of Plasma Processing Technology 


two parts. One section will discuss general considerations related to vacuum arc source 
design, while the other will provide specific examples to illustrate the results of those 
considerations. 


18.3.1 General Considerations 


In general, some means must be provided to initiate the arc. Once initiated, the arc 
must be controlled with respect to its position on the cathode surface. Then, to take ad- 
vantage of the benefits provided by the high degree of ionization of the arc-produced 
vapor, the plasma must be controlled in some manner. Therefore, arc initiation, arc con- 
trol, and plasma control comprise the three general considerations which need to be taken 
into account in designing cathodic arc coating sources. 


18.3.1.1 Arc Initiation 


There are at least four techniques successfully employed to initiate vacuum arcs. One 
of the simplest and earliest, depicted in Fig. 3, was the mechanical touching and removal 
of an electrode from the cathode, drawing an arc. This technique is still used in some 
commercial are services for the production of titanium nitride coatings on cutting tools. 
Its main advantage is its simplicity. One disadvantage is the possibility of the electrode 
becoming welded to the cathode surface. This can be minimized by the insertion of a re- 
sistor between the electrode and the ground. The resistor limits the amount of current 
which can flow during the arc initiation process. A further drawback is the inability of this 
approach to achieve high repetition rates which are required for operation of arc sources 
in a pulsed mode. 


An arc initiation technique which does allow for high repetition rates employs the 
sudden vaporization and subsequent ionization of a thin film metal coating connecting the 
cathode surface and an auxiliary electrode (42-43). This is accomplished through the 
discharge of a capacitor. The technique is simple and can be extremely reliable, if geom- 
etries are chosen correctly. Once started, the arc continually replenishes the thin film re- 
quired for its next initiation. A means, however, must be provided for starting the arc for 
the first time with a fresh target. 


The third method involves the discharge of a capacitor which has been charged to 
several thousand volts by passing an impulse of gas through a tube which is connected to 
that capacitor. The gas pulse is ionized to form a plasma which carries the current from 
the capacitor to the cathode until sufficient plasma density has been achieved to initiate 
the arc. While this is a reliable means for arc initiation without the necessity of touching 
the cathode, it does introduce a small amount of inert gas into the system and thus would 
not be appropriate for highly repetitive arc initiation requirements. 


The final means of starting an arc involves the use of a laser pulse (44). Such a pulse 
produces a plasma on the cathode surface. The plasma serves to form the basis of the first 
cathode spot. If the laser pulse is directed at the cathode surface and local melting occurs, 
smoothing of the surface may inhibit further initiation. One way to overcome this is to 
start the arc on an auxiliary electrode made of a material such as carbon which remains 
unrefiective. In using the laser technique, care must be taken to avoid coating the window 
through which the laser beam is introduced. 
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18.3.1.2 Arc Control 


In order to be useful, the cathodic arc must be controlled. This is critical because the 
loss of such control can result in the rapid destruction of the arc coating equipment. Arc 
control can also serve to reduce the presence of macroparticles. 


Both electrostatic and magnetic means have been employed to control the location 
of the cathodic arc. Electrostatic constraints make use of the requirement for the cathodic 
arc to have access to an anode to complete its electrical circuit. While this anode may be 
a discrete component in the vacuum chamber, it may also be a combination of compo- 
nents including the vacuum chamber walls. These concepts are illustrated in Fig. 3 where 
two forms of passive cathodic arc control are shown. On the left side, a screen is em- 
ployed which is floating electrically and prevents electrons from flowing from the cathode 
to the chamber, which in this case is the anode (5). On the right hand side, ceramic ma- 
terial with low electron emissivity such as boron nitride is employed (7,8,45,46). In the 
case of the screen, the arc extinguishes when it reaches the edge of the water cooled tar- 
get. If additional arcs simultaneously exist on the target surface, or if there is sufficient 
inductance in the circuit to provide the necessary restarting voltage, then the arc will re- 
form and the process will continue. If not, the arc will remain extinguished and will need 
to be re-ignited. In the case of the boron nitride restraint, arcs reaching the target- 
restraint interface are thrown back onto the target, making re-ignition unnecessary. 
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Figure 3: A typical passive cathodic arc configuration. (The shaded pattern codes are 
used consistently throughout the figures in this chapter for components having similar 
function). 


The advantages of electrostatic arc confinement are its simplicity and good target 
utilization. One disadvantage, already cited, is the possibility of the arc remaining extin- 
guished and requiring re-ignition. The second disadvantage, involving the boron nitride 
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approach, relates to a tendency for the arc to burn selectively at the insulator metal 
interface. If this process continues for any length of time, the insulator is destroyed and 
must be replaced. 


The other approach for arc control involves the use of magnetic fields. As already 
discussed, the arc normally undergoes the so called retrograde motion occurring in re- 
sponse to the component of the magnetic field which is parallel to the cathode surface. 
The direction of this motion is shown in Fig. 2. The rate of retrograde motion increases 
with magnetic field (28). One might expect a reduction in macroparticle formation to 
accompany the more rapid arc motion. While such a reduction appears during reactive 
arcing of refractory metals (31), it was not observed in the case of titanium metal (10). 


The effect of the perpendicular component of magnetic field and arc motion is illus- 
trated in two cases of Fig. 4. In Fig. 4(a) the magnetic field produced by the solenoid is 
imposed such that the field lines intersect the target at an angle other than 90 degrees. 
Under these conditions the arc circulates around the perimeter of the cylindrical target, 
but drifts in the direction of the acute angle between the magnetic field and the target 
surface. This behavior was first observed by Wroe (1,48) in early work and utilized over 
the years by a number of investigators (18,27,42,49). Wroe worked with magnetic fields 
in excess of 500 gauss and provided an anode in close proximity to the cathode; the other 
investigators used smaller fields (+40 — 50 gauss) with remote anodes. 


Figure 4(b) illustrates the second principle, first discussed by Kesaev (50) in his ex- 
tensive studies in the motion of arcs on mercury surfaces in the presence of an "arched" 
magnetic field. Under these circumstances, the arc moves in a circular pattern in a posi- 
tion where the normal component of the magnetic field is minimal as indicated in the fig- 
ure. The rate of circulation is determined by the parallel component of the magnetic field 
with the target surface (28). 


18.3.1.3 Plasma Control 


One advantage of using the magnetic fields to control the arc position is that they are 
well suited for integration into sources where plasma from the arc source must also be 
controlled. For example, a plasma emitted from the source pictured in Fig. 4(a) is na- 
turally accelerated towards the substrate due to the Hall effect (18). Hall acceleration 
of the cathodic arc plasma has been found to increase the energy of the ions to values as 
high as 300 electron volts (10,18). This effect may account for observed improvements 
in coating properties such as the hundred-fold improvement in the adhesion of copper to 
glass reported in Ref. 51. 


Besides the benefits of Hall acceleration, a substantial reduction in the number of 
macroparticles can be achieved by passing the plasma emanating from a cathodic arc 
through the proper magnetic field (10,51,52). In addition, concentration of the arc 
plasma can lead to a five-fold improvement in condensation rate with an associated re- 
duction in wasted coating material. The introduction of arc plasma into the magnetic field 
of the solenoid has also been observed to enhance the already high degree of ionization 
of this plasma (52). 
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Figure 4: Cathodic arc devices featuring active magnetic control of the arc. (a) Arc 
source described in Ref. 42. The arc position rotates rapidly around the target in the 
retrograde direction and drifts in the direction of the reduced normal component of the 
magnetic field (in this case the acute angle). The coils represent an electromagnet. (b) 
Another example of magnetic control of the cathodic arc. Again the direction of circu- 
lation is defined by the parallel component of the magnetic field and the resulting arc 
circle resides at the position where the normal component of the magnetic field is minimal. 
(c) This schematic shows a cylindrical arc geometry. The arc targets are thick walled 
tubes. This geometry can be used directly where macroparticles can be tolerated in small 
quantities for coating the inside of tubes. This schematic illustrates how the arc ring can 
be oscillated over two different target compositions to produce either multilayered 
coatings or alloy coatings - depending on the rate of oscillation. The "X" represents a 
permanent magnet. 


The final use of plasma control is illustrated in Fig. 5(a). In this case, an 
electromagnetic filter is employed to separate the macroparticles, produced at the target, 
from the plasma. This separation is accomplished by causing the plasma to flow through 
the curved passage indicated toward the substrate surface. Any macroparticles emanating 
from the target have essentially straight trajectories causing them to be collected on the 
walls of the plasma filter (53). 


The physical basis for the control of the cathodic arc plasma has been understood for 
some time (53-55). Since the Larmor radius for heavy metal ions is large with respect to 
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the dimensions of the components being discussed here, the magnetic field has little direct 
effect on the motion of these ions (15). On the other hand, much lighter electrons are 
easily constrained to rotate around the magnetic field lines and can drift along these lines 
quite freely as long as these lines do not converge too rapidly. There is a natural resist- 
ance of electrons to pass across magnetic field lines, thereby, allowing the building of 
electrical fields perpendicular to the magnetic field surfaces. These electric fields have a 
profound influence on the motion of the ions from the cathodic arc and can be used to 
an advantage in controlling the path of those ions. One of the benefits of using this 
strategy for plasma control is the possibility for positive ions having different charges and 
masses to follow similar paths. 
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Figure 5: Two schemes for removal of macroparticles. In both cases, the electric field 
is thought to repel the positive ions and direct them toward the target surface. The 
macroparticles have no line-of-sight between the target surface and the substrate to be 
coated. 


Quasineutral plasma behavior (such as that from cathodic arcs) in magnetic and 
electric fields has recently been modeled quantitatively by several investigators 
(54,56,57). One reason for this interest lies in the potential for developing arc-based ion 
beams for making coatings. Additional uses for quasineutral beams are for drivers in 
inertially confined fusion and as supplementary heating for magnetically confined plas- 
mas. In the current context, it is hoped that the development of suitable computer models 
will make it possible to design sources which make the most effective use of the plasma 
produced by the vacuum arc. 


18.3.2 Specific Examples: 


One of the most difficult aspects of discussing specific examples of cathodic arc-based 
devices is the selection which must be made from such a diverse variety of possible 
choices. Arc sources can be continuous in operation or pulsed. They can be based on a 
random arc or one which is tightly controlled. They can employ some method of macro- 
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particle filtration, or can be based on a type of discharge which requires no such filtration, 
such as the distributed cathodic or anodic arcs. All of these arc sources can form the basis 
for extremely high current density ion beams. These ion beams can be used by themselves 
or serve as the starting point for a more complex process or piece of equipment such as 
an ion implanter. This section will discuss these major categories in general terms only, 
referring the reader to the references cited for more specific details. 


From earliest times, cathodic arc devices for producing coatings could be divided into 
pulsed and continuous types. The pulsed devices will be described first. In the pulsed 
mode, the arc is repeatedly ignited and extinguished using a capacitor bank to supply the 
arc power (2,43,58). Pulsed arcs have the advantage of allowing the target material to 
cool between arc events. This makes it possible to arc an extremely wide variety of ma- 
terials with less concern for the overheating of the target. Pulsed arcs, on the other hand, 
have a dead time in between arc events which limits the steady state coating rate. Since 
the arc initiates from the same point each time, it is possible to design the length of the 
discharge such that the arc does not have sufficient time to leave the preferred arcing 
position before the capacitor is discharged. In other words, the arc constraint requirement 
in pulsed arc devices tends to be less stringent than for the continuous variety. Pulsed arcs 
have been employed in conjunction with subsequent macroparticle filtration (59), and 
have formed the basis for ion beams for ion implanters (43). 


The continuous cathodic arc can either be random in nature or controlled. Fig. 3 
shows several examples of a random arc source where the arc is constrained at the edge 
of the target, but allowed random motion within that constraint. Random arc sources 
have the advantage of simplicity and excellent target utilization because the entire target 
(except near the very edge) is utilized in the arc process. These sources can be scaled in 
a straightforward manner to provide for uniform coating of very large parts. The main 
disadvantage of random arcing is the formation of macroparticles which may cause the 
resulting coating to be unsuitable in some applications. As pointed out in the discussion 
of Fig. 2, the macroparticles are ejected at small angles with respect to the target surface, 
and can therefore be minimized using appropriate shielding. Such a strategy has made 
possible arc-produced decorative coatings where surface finish and optical specularity are 
of concern (31). 


As discussed earlier, magnetic fields can be used to control the trajectories of the arcs. 
These fields can be used to discourage the arc from leaving the desired portion of the 
target surface (as illustrated in Fig. 4) or can actually be used to define a well controlled 
path for the arc to follow in the so called "steered arc” devices (50,61,62). While the 
mechanism is still the subject of some debate, it is clear, at least in the case of ceramic 
coatings based on refractory metals, that steered arcs can produce coatings having ex- 
tremely low or no measurable macroparticle component (61). 


One of the difficulties of tightly controlling the path of the arc, is the tendency to cut 
a narrow slot into the target surface resulling in extremely poor target utilization. This 
has been overcome by the strategy of moving the arc controlled magnets with respect to 
the target so as to make full use of the target surface (60,61). A second advantage of this 
control of the are position is the potential for production of coatings having variable 
composition through suitable programming of the arc motion over segmented targets of 
multiple composition (62). The target configuration pictured in Fig. 4(c) illustrates one 
technique for achieving such composition control; the figures in Ref. 61 illustrate another. 
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Where macroparticles present a problem in the final application, they can be removed 
through the use of a suitable filter. Figure 5 shows two examples of such filters, both of 
which are based on the same principle discussed earlier. In Fig. 5(a), a quarter segment 
of a torus is used to cause the plasma to follow a curved path leaving the macroparticles 
to collide on the inside of the filter (53). For effective removal of the macroparticles, it 
is necessary for the filters to be designed to require multiple bounces. In the case shown 
in Fig. 5(b), a ring target is employed (62), with the arc surface on the outside circum- 
ference. In this case, the arc plasma is reflected by the electric field set up due to the in- 
sulating property of the magnetic lines running parallel to the surface of the coil (as 
illustrated). The part being coated is moved, as indicated, to achieve coating uniformity. 
This particular scheme is most effective in cases where it is desired to obtain a radially 
symmetric coating. 


As described in the section on general considerations, one strategy for dealing with 
the problem of macroparticles is to employ an arc which does not produce them. Figure 
6 shows two categories of diffused arc which do not produce macroparticles. The first is 
called the cathodic arc distributed discharge. In this case, the cathode is designed in the 
form of a crucible to contain the target material (34). This crucible is allowed to heat up 
until the target material reaches a temperature where it has a substantial vapor pressure. 
At this point the arc voltage decreases. In the case of chrome, for instance, the random 
arc voltage of 18-20 volts decreases to a voltage of 12-14 volts. As shown in Fig. 1, the 
current density decreases drastically and, in addition, the plasma becomes brighter due to 
increased electron emission from the target surface. Macroparticles are no longer formed, 
and the ions now become singly charged rather than having the multiple charges of the 
random cathodic arc. The degree of ionization in this process can achieve 100% and the 
conversion efficiency of arc power to these ions can be extremely high since little energy 
in the form of heat is conducted to the electrode. A shutter is absolutely necessary with 
this type of source because, during the heating process, the target actually emits more 
macroparticles as the target heats to the point where it converts over to the distributed 
discharge mode. The design of a distributed discharge cathodic arc for practical coating 
systems becomes quite a challenge due to the necessity of bringing the surface of the tar- 
get to the appropriate temperature without having spattering from the arc process. 


A more straightforward approach for obtaining ionized evaporation material involves 
the so called anodic arc (36). One version is pictured in Fig. 6(b). In this process, the 
cathode initially supplies both electrons and ions until the anode target material heats up. 
Once sufficient electron emission occurs, a diffuse arc forms on the hot anode target ma- 
terial which supplies the ions necessary to sustain the discharge. At this point the cathode 
material is not expended, but rather becomes coated with some of the vapor emanating 
from the anode. This process produces no macroparticles and achieves some degree of 
ionization of the plasma. High rates of condensation have been demonstrated with the 
process. For instance, adherent and pinhole-free aluminum was deposited at a rate of 10 
nm/sec at 30 cm distance from the target. This technique has been used for a wide variety 
of materials including Al, Ti, V, Cr, Mn, Fe, Ni, Cu, Pd, Ag, Au, Pt, and Pb (35). The 
process leaves the substrate relatively cool, making it possible to produce adherent 
coatings on plastics at temperatures less than 70°C. 
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Figure 6: Two configurations for diffuse arcs which do not produce macroparticles. (a) 
With the polarity shown, this is a schematic of the diffuse cathodic arc. With the polarity 
reversed, it would be a type of anodic arc. (b) One form of anodic arc. 


Alternative configurations exist for the anodic arc. One can be pictured by reversing 
the electrode polarity of the elements in Fig. 6(a) (36). Another, described in Ref. 63, 
involves a separate low voltage/high current electron beam originating from a filament 
source. The hot hollow cathode deposition process (described in another chapter in this 
book) can also be viewed as a type of anodic arc. It is not clear to this author that each 
of these configurations produces the same degree of ionization. In fact, it is likely that the 
basic electron emission mechanisms are different. Some require the addition of a process 
gas, while others exist solely on the plasma produced from evaporating electrode material. 
A systematic comparison would seem to be in order, particularly with respect to the de- 
gree of ionization of the plasmas produced. 


One disadvantage of the process pictured in Fig. 6(a) is the necessity of containing the 
hot evaporating material. This containment of hot material may lead to contamination if 
a totally inert crucible material is unavailable. A disadvantage involving the process il- 
lustrated in Fig. 6(b), is that the anode surface must be relatively small in order to obtain 
the proper anodic discharge. Such a small area for the evaporating metal requires some 
means such as a wire feed device for frequent replenishment of the evaporation material. 
As discussed earlier, the extent of ionization as well as the energy of those ions, may be 
lower than the competing cathodic arc process. This last point is still subject to debate 


434 Handbook of Plasma Processing Technology 


due to conflicting claims concerning the degree of ionization from a particular anodic arc 
source configuration. 


Using the same strategy which is employed for controlling the plasma to remove 
macroparticles, it is possible to generate intense ion beams from an arc source. Figure 7(a) 
contains an example of one such ion beam described in more detail in Ref. 64. These 
beams do not suffer the same constraints and current density limitations that are found 
with multi-aperture sources. In addition, they can operate using any ion for which a 
suitable cathode can be obtained. As the design of such arc-based ion beams becomes 
more common, more applications are likely. One recent application was the use of such 
an ion beam to study a new process called arc ion beam self-sputtering for the develop- 
ment of a sputtering source not requiring process gas for possible operation in UHV 
conditions (64). 


Figure 7(a) illustrates the arc ion beam self-sputtering process also described in Ref. 
64 in more detail. The ion beam provides the source of positive ions which are accelerated 
to the negatively biased sputtering target. If the voltage of the target is appropriate, it 
will become coated with ions from the arc source. As the target voltage is raised and the 
sputtering rate increases, the ions from the arc source are converted to neutrals of the 
same composition. This entire process can be carried out without the presence of a 
process gas. In addition, one can design a sputtering angle to optimize the efficiency of 
the sputtering process since the sputtering efficiency tends to be angularly dependent. 
Also, having the ions of the same composition as the atoms to be sputtered leads to very 
effective interaction for an efficient process. 
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Figure 7: Schematic of arc ion-beam sputtering process. (a) Drawing showing an arc- 
ion-gun and a setup to determine optimal target angle for an arc sputtering process. (b) 
Rate dependence on target angle for four elements. 
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Figure 7(b) shows the effect of the target angle as defined in the schematic on the rate 
of condensation at the target. In the case of copper, the rate varies with target angle by 
a factor of two over the range shown. In the case of titanium, there was surprisingly little 
effect of target angle on rate. Further studies will be required to fully understand the 
observed effects. 


Figure 8 shows a possible source based on the principles of arc based self-sputtering. 
In this case, the arc target has a cylindrical geometry. The sputtering target is cone 
shaped. The surface of the cone has a shallow angle with respect to the incoming ions. 
This angle can be optimized for a particular material, if desired, but this may not be nec- 
essary for materials whose self-sputtering rate is insensitive to angle . In addition to al- 
lowing sputtering without the need for process gas (true UHV sputtering), this process 
can present an extremely large effective deposition target area for coating large parts 
uniformly without the associated requirement for a large arc target. This is desirable be- 
cause there are many examples of materials (such as the refractory metals) where dense 
and pure targets are not available in large sizes. 
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Figure 8: Design of a possible UHV sputtering source based on a vacuum arc. The arc 
target material condenses on the conical sputtering target and self-sputters toward the 
substrate. The macroparticles produced by the arc are collected at the anode. 


While most of the arcs discussed thus far operate in the low voltage regime shown in 
Fig. 1, there are examples of studies making use of arcs operating near the maximum 
voltage of the anomalous glow region (38-41,65). As discussed earlier, these arcs appear 
to provide some improvements in coating properties, but insufficient understanding exists 
to define the cause for such improvements. As in the other cases requiring small electrode 
surface areas to obtain sufficient electron emission, these arc sources are likely to have 
very specialized applications. 


In addition to the arc-based plasma sources described so far, the attention of the 
reader is directed to Refs. 66 and 67 for reviews of thermionic discharge and hollow 
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cathode discharge sources. The hollow cathode is also treated in another chapter of this 
book. 


18.4 COATINGS FROM ARCS (STRUCTURES AND PROPERTIES) 


As mentioned earlier, arc technology shows promise for producing coatings with su- 
perior properties because it allows control over the depositing coating atoms by virtue of 
their charge. This improvement is predicted by theoretical molecular dynamic calculations 
(10-12). In addition, it has been substantiated by experiments. Such improvements in- 
clude finer coating morphologies, improved coating density, and reduced intrinsic coating 
stress (68). All these property improvements occur at lower substrate temperatures than 
would occur with less energetic techniques. Other considerations suggest an improved 
adhesion. In the production of ceramic coatings by reactive deposition, the ionized nature 
of the coating atoms enhances reactivity and leads to coatings with excellent 
stoichiometry (69). Arc technology can also be employed to produce coatings having 
tailored compositions, particularly with respect to the interface region (61). Finally, the 
energetic nature of the arc plasma gives rise, in some cases, to unusual bonding such as 
the diamond-like bonds found in carbon coatings produced by the arc process (70). This 
section will present some examples of cach of these to provide a motivation for further 
investigation into the production of coatings using arc technology. 


Figure 9 illustrates, on a molecular scale, the case for energetic arc technology. In the 
case of low energy deposition such as electron beam evaporation, neutral atoms of the 
coating material arrive at the substrate surface and deposit on top of that surface. Since 
there is little energy available for coating mobility, particularly during room temperature 
deposition, the atoms stick at the point where they arrive. If the surface has adsorbed 
contamination atoms between the substrate and coating, the resulting coating may have 
poor adhesion. The result of the lack of atomic mobility is predicted to be a coating of 
poor density, filled with voids and impurity atoms as pictured. 


In contrast, as shown in Fig. 9(b), positive ions arrive at the surface with increased 
kinetic energy due to the acceleration they undergo as they are attracted to the negatively 
charged substrate. (Alternatively, they may have benefitted from the Hall acceleration 
discussed earlier.) In either case, they have sufficient energy to clean off the surface atoms 
prior to forming the coating. In addition they have sufficient mobility to diffuse to low 
free energy sites, a factor which results in denser coatings. When the substrate has ade- 
quate negative bias to accelerate the coating ions sufficiently, implanting these ions into 
the interfacial region can further strengthen the adhesive bond. To be thorough, it is 
necessary to point out that such implantation may also lead the introduction of impurity 
atoms into the substrate (as illustrated in Fig. 9(b)) unless care is taken. Fig. 10 shows 
the results of an actual molecular dynamic calculation predicting the densification of a 
mode! coating structure due to the energetic deposition based on a cathodic arc process 
(10). 
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Figure 9: Conceptual diagram showing the case for the energetic cathodic arc process. 
(a) Sputtering and electron beam evaporation coating atoms are neutral and have limited 
energy to contribute to atomic mobility after condensation. (b) The arc processes 
produce positive ions which can be accelerated into the part to be coated. Increased 
atomic mobility can result in improved properties as discussed in the text. 
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Figure 10: Results of a molecular dynamic modeling calculation carried out by P.J. 
Martin, et.al., in Ref. 10. Used with permission. 
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In addition to improvements in coating density, several investigators (38)-(41) have 
found that high voltage arcs produce epitaxial coatings of refractory metals at lower tem- 
peratures than would be expected by other techniques. Since the plasmas produced by 
such arcs have not been well characterized, the exact mechanism for the creation of such 
structures is not yet understood. One speculation has been that such arcs produce clusters 
which may enhance such epitaxy. In contrast to the behavior of low voltage arcs where 
the morphology is strongly dependent on the substrate bias, coatings produced by high 
voltage arcs show no such dependence. This observation tends to suggest that the evap- 
oration product from the high voltage arc may not be strongly ionized, as in the low volt- 
age case. 


Examples of improved adhesion due to the proper use of arc technology abound. As 
will be described in the application section, the most important commercial application for 
the use of arc technology in coatings has been the production of hard coatings of titanium 
nitride for cutting tools. In this application, it is clear that the coating must be extremely 
adherent during the violent mechanical abuse to which the cutting tool is subjected for 
such a coating to have any beneficial effect. As found by a number of investigators 
(51,52), coating adhesion can be further enhanced by the use of magnetic fields to ac- 
celerate the ions of the arc plasma to higher energies. A hundred- fold improvement of 
the adhesion of copper to glass for instance, has been achieved with such a strategy (51). 


Surprisingly little experimental information exists on the stresses produced in the 
coatings produced by arc technology. Such stresses can be highly compressive in some 
instances or extremely low in others depending on the details of the process during which 
the coating is being produced. This area will require much additional investigation if 
molecular dynamic modeling predictions concerning reductions in stress are to be realized. 


Another area which will require substantial further investigation concerns the extent 
of heating of the substrates by the various arc technology techniques. While it is possible 
to supply sufficient energy to large substrates to cause them to rise in temperature to 
values in excess of 500°C, it is also possible to produce dense adherent coatings on plas- 
tics at room temperature (35). Part of this difference in behavior involves the separation 
of the electrons from the ions to minimize heating effects when cold substrate temper- 
atures are necessary. Pulsed arcs offer another approach for maintaining a low substrate 
temperature; the dead time between pulses can be adjusted to allow for cooling. 


Examples of the enhanced chemical reactivity of the plasmas produced by the arc 
process are also available (10,44,55,71,72). These are particularly evident in the case of 
the discrete cathodic are which produces multi-ionized coating material. Such multi- 
charged ions undergo charge exchange reactions with the reactive gas leading to 
ionization of the latter. The coatings which are produced tend to be stoichiometric in 
composition over a broader range of reactive gas partial pressure than is the case with 
competing magnetron technology (69). 


While carbon coatings with the diamond structure are receiving considerable atten- 
tion currently, it is interesting to note that one of the earliest methods for producing such 
coatings made use of the vacuum arc (73). Once again, Russian investigators are well 
represented in early work in this area (74-76). More recent structural studies by other 
workers (70) have verified that arc technology is capable of producing diamond-type sp3 
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bonds without appreciable sp2 graphitic bonds and without the need for hydrogen to be 
present as is the case in competing glow discharge techniques. 


18.5. APPLICATIONS AND OPPORTUNITIES 


The most widely implemented application of arc deposited coatings has been for im~ 
proving the lifetime and operational characteristics of cutting tools used in machining of 
metals. Cutting tools such as drills, endmills, taps, hobs and broaches coated with TiN 
not only show improvements in service lifetimes due to reduced wear, but operate more 
efficiently. Due to their improved lubricity and reduced chemical reactivity, it is possible 
to operate coated tools at higher rates and the parts produced have improved surface fin- 
ishes (77). 


While the variety of current applications is small, this is likely to increase quite quickly 
as practical sources are developed which reduce or eliminate the macroparticles which are 
produced by the conventional cathodic are process. One market which is likely to be im- 
pacted is the one for gold-colored decorative coatings. Many consumer products such as 
watch cases, pens, and the like make use of titanium nitride produced by reactive deposi- 
tion of the metal. Titanium nitride produced using low macroparticle sources is likely to 
gain market share in this arena in the near term due to characteristics of the process such 
as high adhesion, high rates, and ability to achieve excellent stoichiometry in compound 
coatings over a broad range of processing conditions (31). 


Another group of manufacturers which will likely be impacted is the printed circuit 
board producers. In this case, there is pressure to improve performance and quality due 
to demands for reducing the size of electronic equipment. The cathodic arc process offers 
the possibility of producing adherent conductive coatings at high rates. In addition, the 
process has excellent "throwing power" which allows for coating through holes (31). 


The Jonger term applications are harder to predict because they rely on improved 
coating properties which are only now being realized. Because the cathodic arc process 
is well suited for depositing adherent refractory metals on virtually any substrate at high 
rates, one can speculate on the possibility of coating copper structures with materials such 
as tungsten and molybdenum for fusion devices, for instance. 


Macroparticle-free magnetic coatings would quickly find application in the recording 
industry for the optical and magnetic storage of data. In this case the ability to produce 
dense adherent magnetic coatings at high rates is of great interest. In addition to these 
excellent physical properties, the arc process offers a straightforward means to tailor al- 
loys and to vary the composition during the coating process (as discussed earlier). 


With the recently developed capability to produce ceramic coatings which have ex- 
tremely low or no macroparticle content (61), broad new opportunities are opened up in 
a variety of industries. While macroparticle-laden arc-produced ceramic coatings have 
been available for some time for corrosion protection and wear resistance, the reduction 
in size and numbers of macroparticles makes it possible to use such coatings at high tem- 
perature with Icss concern for macroparticlc-induccd failure. Onc mechanism for such 
failure in coatings containing macroparticles is the localized reduction of the oxide or 
nitride to sub-stoichiometric levels during heating. Such metal-rich regions might be more 
reactive to the hostile environments. Even at low temperatures these metallic macropar- 
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ticles are of concern because of their inferior chemical and tribological behavior. Poten- 
tial uses for low macroparticle content ceramic coatings as barrier coatings include 
corrosion protection for turbine blades and chemical reaction vessels. 


If the presence of macroparticles can be completely eliminated, it may become possi- 
ble to employ arc technology for the production of coatings for integrated circuits. Once 
again the advantages of being able to produce stoichiometric ceramic coatings having ex- 
cellent adhesion and density at low process substrate temperature make such an approach 
highly desirable for insulating structures. Dense and adherent refractory metal coatings 
for conductive elements in integrated circuits are another potential application. 


Coatings that are denser than currently produced for optical components would have 
increased stability in the value of the refractive index of each layer. (Refractive index 
instabilities result from adsorption of moisture into open coating structures). The im- 
provements in adhesion and stoichiometry might improve the resistance of coatings to 
laser damage in applications as diverse as laser diodes for telecommunications and large 
inertial confinement laser systems envisioned for the production of power in the next 
centuries. 


Another far reaching potential application is the possible production of high T, 
superconducting thin films which do not require subsequent heat treatment to produce 
superconducting structures; the energy supplied by the ions might be sufficient. Such 
coatings might be produced on low temperature substrates which would increase the 
possibilities for unusual applications. 


A final class of applications makes use of the possibility of producing non-equilibrium 
structures due to the energetic nature of the ions produced by the arc process. Diamond 
coatings produced using plasma from a cathodic arc might be used for protecting record- 
ing disks, optical lenses and fiber optic transmission lines from reactions and mechanical 
abrasion. If defect-free single crystal diamond coatings could be produced using this ap- 
proach, they could be employed as active semiconductors for high frequency applications. 


18.5.1 Non-Coating Applications 


In addition to applications discussed thus far, several suggestions have been made 
concerning uses for the ions potentially available using arc technology. Arcs can be used 
as the basis for a sublimation-ion vacuum pump (78). Since the vacuum arc can be op- 
erated without the presence of process gas, it is possible to consider a "poor man’s" ion 
implanter in which the part to be implanted is pulsed to a high negative potential for a very 
short time, having the effect of accelerating the positive ions into the surface of the part. 
Rather large parts might be treated in this manner without the necessity for expensive and 
complicated ion-optical systems. Where such ion implantation systems are indicated, the 
vacuum arc can serve as the source of ions (43). Still another application of arc-generated 
ion beams is the smoothing of surfaces through the combination of deposition and sput- 
tering (79). In this case, the energy of the cathodic arc plasma-based accelerator is 
claimed to be ideal for the process. All of these ideas, while exciting in principle, need to 
be verified experimentally. 
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18.6 GAPS IN UNDERSTANDING 


These suggestions for possible applications are not intended to be an exhaustive list, 
but rather to serve to suggest the diverse and potentially significant opportunities which 
may exist with the proper utilization of arc technology. The reason that these opportu- 
nities have not been realized is that there still exist serious gaps in the understanding of 
the technology. 


The most obvious is the lack of commercially available macroparticle-free arc sources. 
While several approaches have been suggested in this chapter which may lead to this ob- 
jective, the goal has not yet been achieved outside the laboratory. (in fact many of the 
ideas and claims made by various workers need to be substantiated by independent in- 
vestigators). Such investigations will naturally lead to improvements in understanding of 
techniques for control of the arc and its plasma. 


In addition, improvements in the quantitative understanding of the condensation be- 
havior of energetic particles will allow for the determination of the limits which may be 
possible in terms of producing dense coatings at high rates, for instance. As mentioned 
before, there is surprisingly little information concerning the intrinsic stress in arc coatings 
and the mechanism for its origin. While workers in the area are aware of the possibility 
for large compressive stresses, it is not clear which process conditions result in such 
stresses. On some occasions, coatings having very low stress are observed. Once again 
computer modeling may offer the necessary understanding. 


While other types of ion bombardment, (such as argon bombardment from a multi- 
aperture ion source), for instance, do not involve the coating atoms themselves directly, 
the plasma produced by the arc process can be composed of only coating ions. This may 
lead to some opportunities which may be exploited if there is a quantitative understanding 
of the events which occur during the condensation of these ions. Currently, for instance, 
there is virtually no quantitative understanding concerning the details of the chemical 
interactions of these ions with surfaces. 


Finally a detailed understanding of the chemical reactions which occur as a result of 
coating ions interacting with reactive gas ions and electrons in a magnetic and electric 
field may lead to the invention of new compound coating structures such as the high T, 
superconductors mentioned earlier. 


18.7 CONCLUSION 


While vacuum arc technology has come a long way since its inception, it still has a long 
way to go to fully utilize what appear to be some exciting opportunities. This advance- 
ment will occur if systematic efforts are made to understand the coating properties which 
are possible with such technology and if simultaneous efforts are made to understand 
quantitatively the arc, the plasma from the arc, and the condensation behavior of that 
plasma to form coatings or to interact with surfaces in the presence of electric and mag- 
netic fields. 
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lon-Surface Interactions: 
General Understandings 


Russell Messier, Joseph E. Yehoda and Lawrence J. Pilione 


19.1 INFRODUCTION 


Ton-surface interactions are present and play a significant role in many plasma-based 
thin film deposition techniques (1). The term ion has often referred to both ionized and 
neutral energetic particles in the literature. It has been shown in previous chapters that 
plasmas are sources of both non-equilibrium gas phase/surface chemistry and particle 
bombardment. The net effect is that very often specific materials can be obtained at lower 
deposition temperatures, and as a result a wide and controllable range of film properties 
can be attained, in addition to new metastable structures or compositions. In this chapter 
we will restrict our discussions to the physical effects of ion-surface interactions on rela- 
tively low temperature surfaces, and thus, mainly inert gas ion bombardment will be con- 
sidered. Furthermore, we will focus attention on the atomistic aspects of ion-surface 
interactions especially at low ion energies and ion-to-atom arrival rate ratios. 


Thin films are generally not the same as bulk materials since, in most cases, they 
contain impurities, internal and external surfaces/interfaces, density variations with 
thickness, short range density fluctuations, etc., which are highly dependent upon the 
particular deposition technique parameters and fundamental processes such as energetic 
particle bombardment. The result is a virtual infinity of thin film materials covering a 
broad continuum of free energy states and macroscopic and microscopic structures. It is 
this variability which leads to the wide range of possible characteristics and resulting 
properties that make thin films such extensively used materials both scientifically and 
technologically. At the same time, quantitative preparation-characterization-property re- 
lations remain an elusive goal, in large part due to the seeming simplicity - and yet actual 
complexity - of vapor-deposited films (2,3). 


19.2 PREPARATION-ION BOMBARDMENT RELATIONS 


It has only been since the mid-1960’s that a number of new deposition processes 
based upon plasma generation and activation of species have been developed. Although 
dc-sputtering was invented over a hundred years before, it was not until the advent of 
commercial rf-diode sputtering systems that plasma-based processes became extensively 
used. Since then such deposition techniques as triode sputtering, rf- and dc-magnetron 
sputtering, ion plating, activated reactive evaporation (ARE), dc-, rf-, and microwave- 
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plasma assisted chemical vapor deposition (PACVD), remote PACVD, ion-beam assisted 
evaporation, ion beam sputtering, dual ion beam sputtering, and direct ion beam deposi- 
tion have become commonly used both scientifically and technologically (1). In addition, 
many variations on these techniques have been developed. Except for the ion beam- 
assisted processes, where ion energy and flux can be independently and precisely con- 
trolled, the ion energy and flux of species bombarding the growing film can be highly 
dependent upon the various deposition parameters. For instance, both the plasma current 
density and the floating self-bias potential (Vœ ) of surfaces in contact with a diode 
sputtering plasma increase, with different functional relationships, with an increase in the 
plasma power density. Besides floating potential induced bombardment processes, sput- 
tering gas ions can also be reflected, and neutralized, at the target. In both cases the en- 
ergy, energy distribution, and energetic particle flux are not easy to measure or predict. 


The bombarding flux of particles (energy and angle) from a sputtering target due to 
sputtered atoms (E,~ 5 to 10eV) and reflected neutrals (E,> !00eV) can be modified 
as a function of: total gas pressure, target-substrate distance, target voltage and power, 
substrate self-bias, plasma temperature, collision and charge exchange cross-sections, 
collision mean free path, scattering angle, and the masses of the target and gas atoms. 
The interdependence of some of these parameters makes it extremely difficult, if not im- 
possible, to control any one of them independent of the others. Such is the case in 
magnetron (dc and rf), triode, and diode sputtering where the operating pressures and/or 
lack of plasma confinement near the target surface dictates an "averaging approach" to 
selecting deposition parameters. That is, one selects the deposition conditions to produce 
final film properties that are the result of a number of intertwined sputtering parameters. 


A number of studies (4-13) have been reported that investigate the interaction of 
atoms/ions with the plasma and the subsequent effects at the target (sputtering process) 
and the substrate (film evolution). Important parameters in these analyses are the collision 
and charge exchange cross-sections, both of which are energy dependent (7). The careful 
use of these cross-sections allows one to predict the energy exchange and post-collision 
scattering angle between colliding atoms. This information, coupled with the make-up of 
the plasma (mass of sputtering gas, total gas pressure and target-to-substrate distance), 
can be used to calculate the effects of multiple collisions. The averaged energy loss per 
collision is normally used to calculate the mean free path and the final angular and energy 
distributions of the particles (4,5,10,12). However, recently Monte Carlo calculation 
methods have been introduced by Motohiro and Taga (8) and Somekh (7) to study what 
occurs along the trajectory of an atom/ion, and give insights into the particle transport 
process. These studies show in more detail than in previous ones (4,5,12) that the re- 
duction in initial energy of sputtered atoms and reflected neutrals is a function of the 
product of gas pressure and target-substrate distance (7), i.e., pressure-distance product. 
Figure | illustrates the trajectories of sputtered Ag particles as a function of gas pressure 
and target-substrate distance. It is evident from this modeling that significant modification 
of the initial angular and energy distributions of sputtered and reflected neutrals occurs 
in the plasma as the deposition parameters are changed. Major changes can also occur in 
final particle distributions by varying the type of gas used in the plasma, the target- 
substrate distance, and the target material. In addition to these effects, it has been found 
that the return rate to the target of the sputtered particles depends on gas pressure and 
target-substrate distance. Also, the ratio of the atomic numbers between the target and 
sputtered gas atoms can control the arrival rate at the substrate and the return rate to the 
target of the sputtered atoms (8). Such dependencies can affect the composition and/or 


450 Handbook of Plasma Processing Technology 


structure of the final film as can different atomic masses having different angular distrib- 
utions at the substrate. Rarefaction of the gas density in front of a magnetron target as a 
function of the magnetron current has also been reported (13). This reduction in gas 
density is due to collisional heating of the gas by sputtered atoms, and results in changes 
in film bombardment. These changes, in turn, can produce variations in composition as 
well as film stress and grain size. 
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Ion beam sources have become essential tools in fundamental studies of ion-surface 
interactions because they allow for the independent control of energetic particle 
bombardment processes. With the development of efficient Kaufman type broad beam 
ion sources capable of both low energy and high ion flux (14), it is possible to controllably 
bombard a growing film with an energy input ranging from 1 to 1000eV per depositing 
atom. These sources typically operate at low gas pressures (< 10-4 Torr ) and as such do 
not have the added complication of gas scattering events. Generally the ion energy (E,) 
can be varied from 10 to more than 1000eV with the ion flux ranging from 0.02 to 2 
mA/cm? , with independent control over both bombardment parameters. Together with 
the mass of the bombarding ions and the depositing atoms, the ion-surface interaction is 
defined in a quantitative and reproducible manner. For typical deposition rates (1 to 30 
A/ sec ) this allows for either low ion energy or low ion flux while still maintaining the 
range of energy per depositing atom indicated above. This can be important when the 
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particular property being controlled requires a limited range of acceptable parameters: for 
example, low ion energy to minimize bombardment induced short range disorder. 


19.3 1ON BOMBARDMENT-PROPERTY RELATIONS 


The modification of thin film properties by simultaneous ion bombardment during 
deposition has been the topic of a number of papers over the years. Harper et al.(15) have 
summarized 16 examples where sufficient data was obtainable (Table 1) to compare 
structure related property modification using a "universal plot" which is shown in Fig. 2. 
As seen in this figure and table, most of the data are for ion energies greater than 100eV. 
This is representative of the available literature. Only within the last several years have 
an increasing number of such studies explored the lower energy regime (<100eV). Since 
most of these property changes have only been phenomenologically related to the ion 
bombardment conditions, no fundamental understandings have been developed in large 
part. Several recent studies have gone beyond the simple empirical preparation-property 
relations and are providing insights into the atomic level connections between controlled 
ion-surface interactions and resulting lattice distortion and, in turn, the compressive stress 
in polycrystalline thin films. 


Table 1: Examples plotted in Fig. 2 of thin film property modification by ion 
bombardment during deposition (from Ref. 15) 


Film Ton Property Ton Ton/atom 

Num. material species modified energy (eV) arrival rate ratio 

1 Ge Ar* stress, adhn. 65-3000 2x10-4 to 107! 

2 Nb Art stress 100-400 3x10-2 

3 Cr Ar*+,Xe* stress 3400-11500 8x10-3 to 4x10-2 

4 Cr Art stress 200-800 ~7x10-3 to 2x10-2 

5 SiO, Art step coverage 500 0.3 

6 SiO, Art step coverage ~1— 80 =4 

7 AIN N,* preferred 300-500 0.96 to 1.5 
orientation 

8 Au Ar* coverage at 400 0.1 
50 Athickness 

9 GdCoMo Ar* magnetic =1 — 150 ~0.1 
anisotropy 

10 Cu Cut improved epitaxy 50=400 10-2 

11 BN (B-N-H)* cubic structure 200-1000 al 

12 ZrO,,TiO, Art,O,* refractive index 600 2.5x10-? to 0.1 

SiO, amorph. æ crys. 

13 SiO,, TiO, O,+ refractive index 300 0.12 

14 SiO,, TiO, O,* optical 30-500 0.05 to 0.25 
transmission 

15 Cu N+ Ar’ adhesion 50000 102 


16 Nion Fe Art hardness 10000-20000 =0.25 
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Figure 2: Ion bombardment modification of several different thin film properties as a 
function of the ion energy and ion to atom arrival rate ratio needed to cause modification. 
(from Ref 15.) 


Windischmann (16) has developed a model based upon the elastic modulus and the 
molar volume of the film material and the lattice distortion resulting from energetic par- 
ticle bombardment. An assumption in this model is that the thin film material-specific 
properties are the same as the bulk properties, which is reasonable in light of the prepon- 
derance of evidence reporting dense (low void volume) films for ion bombarded films with 
associated high compressive stress state when deposited with concurrent ion 
bombardment. Based upon Sigmund’s theory of forward sputtering (17) in a film under 
energetic particle bombardment, Windischmann derived an expression for stress (S), 


S = 1.91K 4, 8)/Q/N, (1) 


in which K is a proportionality factor relating relative volumetric strain to the fractional 
number of atoms displaced from equilibrium sites under the energetic bombardment, ®; 
is the ion flux, E, is the energetic particle’s energy, N, Avogadro’s number, and Q re- 
presents the elastic energy per mole [Q = EM/(1 — v)D] where E is Young’s modulus, 
M is the atomic mass, and v is Poisson’s ratio. Thus the bombardment induced stress is 
related to the physical properties of the material, the relative atomic number and mass of 
the bombarding particle and film material, and to the bombarding particle energy and 
flux. 
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The ideas of ion-surface interactions leading to both elastic (18,19) and elastic plus 
plastic (20) lattice distortions are clearly reflected in lattice spacing dilation measure- 
ments. These and similar studies are consistent with Windischmann’s work. An important 
further conclusion from his model is that stress is related to the momentum rather than the 
energy of the incident particle, as indicated by the square-root dependence of E; . This 
is supported by previous experimental studies of Hoffman and Gaerttner (21), and 
Ziemann and Kay (22) for polycrystalline metal films and Nir (23) for amorphous 
diamond-like films. 


Windischmann measured the stress vs. Q relation for 30 samples from both his study 
(by ion beam sputtering) and others (mainly magnetron sputtering) and found a linear 
curve fit the data. This is shown in Fig. 3, and Table 2. The samples were all about the 
same thickness and subjected to sufficient energetic particle bombardment to insure 
nearly fully-dense films. It is interesting to note that for thermal evaporation without 
concurrent ion bombardment the stress is tensile and shows no correlation with the S vs. 
Q linear relation. One possible explanation suggested was that films preparcd under low 
mobility conditions are known to contain a significant percentage of void volume which 
may invalidate the use of bulk properties in calculating Q. 
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Table 2: Compressive stress data from the literature and calculated Q values for films 
deposited by various sputtering techniques (from Ref. 16). 


Stress Q 
Material (x10° (x 1012 Deposition 
dyne/cm? erg/mole) technique 

Al 1 10.4 MS 

Ni 3 21.1 MS 

Ti 16 18.3 MS 

v 7 16.8 MS 

Gd 5 15.8 MS 

Cr 12-14 25.5 MS 

Rh 18 34.8 MS 

Zr 9 21.6 MS 

Pt 6 22.5 MS 

Si 11 22.0 MS 

Nb 9 19.5 MS 

Nb 9.5 19.5 MS 

Mo 20-25 44.7 IBS 

Mo 25-30 44.7 MS 

Ta 18-20 30.8 MS 

Ww 23 54.0 MS 

WwW 29 54.0 RFS /triode 
ZrO, 22 49.0 RFS /diode 
AIN 30 54.5 MS 


MS = magnetron sputtering. RFS = rf sputtering. IBS = ion beam 
sputtering. 


A more direct method for examining the bombardment induced lattice distortion 
during ion-assisted evaporation is to perform a molecular dynamics (MD) calculation of 
the deposition and concurrent energetic bombardment processes. Miiller (24) has carried 
out 2-dimensional MD calculations using a Lennard-Jones potential for film-atom inter- 
atomic potentials, descriptive of close packed metal atomic structures, while the Ar bom- 
barding particle-film atom interaction is described by a Moliere potential. Further 
assumptions include normal incidence of both the depositing vapor and bombarding par- 
ticles, an absolute zero temperature substrate, a limited number of atoms considered 
(~500) and related small simulation cell with periodic boundary conditions, and a purely 
repulsive Ar-film atom interaction which excludes the possibility of Ar entrapment. 


Despite these limitations, imposed in part by the cost and speed of present-day com- 
puters, it has been shown that simple stress calculations of the final simulation cell atomic 
positions for Ar+ bombardment of a Ni growing film lead to a stress vs. bombarding en- 
ergy curve in qualitative agreement with experimental data such as that described by 
Windischmann (16) and references therein. Under zero and low bombardment energy the 
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stress is tensile and increases, instead of decreasing, to a maximum value at 3.2eV per 
deposited film atom before decreasing as Windischmann has shown. At these conditions 
the voids are still present, though becoming smaller and less connected, and related to the 
tensile stress. Only at higher Ar bombardment energies (at a fixed ion-to-atom rate ratio 
(®,/®,) of 0.16) does the tensile stress decrease and at the same time the voids are even 
smaller and fewer in number. Unfortunately his simulations were not carried out to high 
enough energies or arrival rate ratios to reach a dense morphology (minimal void content) 
with a maximum value of compressive stress. Thus, his simulations cannot be directly 
compared to the Windischmann model (16) calculations. 


19.4 ION BOMBARDMENT-STRUCTURE RELATIONS 


The present status of models describing thin film morphology is the qualitative rep- 
resentations provided by the structure zone models (SZM’s) of Movchan and Demchishin 
(25), Thornton (26), and Messier et al. (2,27). The salient features of each representation 
are the effects of: temperature on evaporated films (25); temperature and bombardment 
from both normal and oblique deposition components and variations with sputtering gas 
pressure (26) and thickness evolution and the bombardment controlled by the V,, de- 
pendence on the sputtering gas pressure (27). These classification schemes are discussed 
in more detail in another chapter. 


The density deficit regions (normally referred to as voids) which are seen in Fig. 4, 
and have been noted in the SZM’s described above, are not uniformly dispersed 
throughout a thin film but form in a self-organized array, commonly referred to as a void 
network throughout the film. These are most easily imaged using a defocused phase- 
contrast technique in a transmission electron microscope (28) and are directly related to 
the cauliflower-like structures seen in SEM micrographs of thicker films typically used to 
define the SZM’s. These void regions delineate the columns found in thin films, especially 
those grown under low adatom mobility conditions. It is the competition between these 
columnar units which is directly affected by ion-surface interactions. In turn, the optical 
density and properties which are affected by density change, can be influenced to a large 
extent. It is apparent that understanding the clustering of adatoms and the competition 
between the resulting columnar structures is imperative if a quantitative connection be- 
tween these microscopic processes and measured macroscopic properties are to be 
achieved. Unfortunately, these structural units contain many atoms, and solutions will 
have to await more powerful computers and computation schemes. 


The importance of molecular dynamics calculations in linking our understanding be- 
tween ion-surface interactions, resulting short- and intermediate-range structure, and 
film properties are seen in the above example. At the same time it points out the practical 
difficulties in this approach. If computers were available to carry out the simulations that 
are clearly needed, then significant progress in our fundamental understanding of ion- 
surface interactions could be made rapidly. However, that not being the case, limited 
MD calculations which address only portions of the larger problems, will have to be used. 
Furthermore, the coordination of such simulation studies with highly defined experimental 
studies should lead to progress in the ion-surface interaction field. 


Early attempts at simulating thin film growth involved simple hard sphere (billiard 
ball) approach (29), to more sophisticated Monte Carlo (30-32) and molecular dynamics 
(24,29,33,34) methods. Recent studies, though, have provided the most detailed and re- 
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alistic modeling efforts to date. For instance, in an extension of the MD simulations de- 
scribed above, Müller (24) has determined the density of his computer generated Ni 
"films" as a function of both E, (0 to 100 eV Ar+) and ®,/&, (0 to 0.16) and shown that 
the trends in his simulated experiments are consistent with real deposition experiments. 


Figure 4: Molecular 
dynamics simulation of 
a low energy ion-surface 
interaction. (from Ref 
35.) 


Film density is a fundamental factor in any preparation-property relation. Further- 
more, it is not expected that the average density will be nearly as crucial as the atomistic 
details - lattice distortions, interstitials, vacancies, vacancy clusters, and voids, and 
atomic-level fluctuations in these structural defects which lead to void networks and 
density fluctuations. The latter structural details are not singular entities but will need to 
be described by distribution functions if a detailed and realistic understanding of thin film 
structure (or what is often called microstructure or morphology) is to be developed. At 
this stage of understanding it is known that such nanometer-level defects are present, but 
there is no quantitative description of them, and it is not known if such detailed informa- 
tion can be combined into an average quantity, such as average film density, without los- 
ing the fundamental aspect of the structure-property relation. Thus, it is suggested that the 
statistical nature of film microstructure must be addressed if any significant fundamental 
progress in ion-surface interaction effects is to be made. 
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In order to demonstrate the complexity of the various processes occurring during 
ion-surface interactions and their effects on atomic-level structure, a time sequence during 
an ion-surface collision process is considered. In Fig. 4, Miiller (35) simulates an ion- 
surface interaction event in which a low energy Ar* ion (100 eV) collides with a porous 
columnar Ni film at its early stages of formation on a perfect 2-dimensional Ni lattice. The 
Ni vapor, with energy representative of thermally evaporated atoms (0.1eV), impinges at 
30° from the surface normal while the Art bombardment is at normal incidence. These 
deposition conditions and configurations are typical of the ion-assisted deposition proc- 
ess. Upon impact the Ar ion transfers a part of its kinetic energy to the surface atoms 
which, in turn, transfer their kinetic energy to other surface and sub-surface atoms. A 
large number of atoms are displaced (Fig. 4) and are indicated by the straight lines (not 
trajectories) which indicate only their initial and final (or intermediate) positions. Six at- 
oms which suffered large displacements are numbered and are indicative of the range of 
different mechanisms of bombardment induced structural rearrangement. Atom 1 is 
completely sputtered from the film while the other five atoms are driven deeper into the 
film structure. Atoms 2 and 3 migrate along the surface of the central cluster and end 
finally at the bottom of the cluster at the original substrate interface. Atom 4 is sputtered 
from the surface and redeposits on an adjoining column while atoms 5 and 6 are also 
sputtered/redeposited but within a closed void. In addition to these large displacements, 
a large number of smaller displacements occur collectively at the latter stages of the lattice 
relaxation process. It is noted that the loosely bound overhanging atoms (1-4) have been 
eliminated and many atoms have been driven to lower-lying states as a result of just a 
single ion-surface interaction event. 


19.5 THE INTERACTION OF IONS WITH THE GROWING FILM 


The processes occurring when a growing film is bombarded by energetic ions or neu~ 
tral species must be considered (36). For "non-reactive" bombarding species (not 
chemically reactive with the depositing species), the situation is simplified somewhat. The 
main processes which can occur are: (1) momentum transfer (knock-on) displacement; 
and (2) direct temperature effects (thermal annealing due to temperature rise caused by 
thermal spikes). These processes can in turn cause various effects as the thin film grows, 
including enhanced surface mobility, enhanced accretion of nuclei, desorption of surface 
impurities, redistribution of atoms in the film, and also the implantation of bombarding 
species into the growing film (37). 


The idea of thermal spike generation is not new and has been considered by others 
as a mechanism for sputter ejection of atoms (38). Weissmantel et al.(39) have used the 
idea of thermal spike generation and the production of a shock zone front to explain the 
formation of metastable phases of cubic BN and diamond-like carbon films. Because of 
the rapid rise and fall of the temperature spike and the higher pressures caused by the 
shock wave generated by an impacting ion it has been suggested that a high pressure 
metastable structure can be formed and then frozen in. Hirsch and Varga (40) have also 
suggested that an annealing affect is present in thin films undergoing simultaneous ion 
bombardment during growth due to thermal spike generation, and that this has a threshold 
which is dependent on the "intensity" of ion bombardment. Martin et al. (41) have also 
suggested that ion impact crystallization, via thermal spikes, may be the mechanism re- 
sponsible for the appearance of the cubic phase of ZrO, undergoing energetic ion 
bombardment. 
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Müller (30) has used 2-dimensional Monte Carlo calculations to simulate the effects 
of thermal spike generation on the structure of vapor deposited films. He has shown that 
the elongated voids found in thin films due to low adatom mobility are bridged, forming 
a structure with isolated pockets, but still appearing to have a large fraction of voids left 
in the films. He also finds a dependence on the energy of the incoming ions and the ion 
to atom arrival rate ratio; namely for E; = 150 eV Art, as ®,/®, is increased, the 
elongated voids are bridged to a greater extent. If, however, E, is increased, the arrival 
rate ratio needed to cause the same degree of bridging is now less. In both cases, how- 
ever, there still exists a large fraction of voids. From this it can be concluded that, al- 
though thermal spike generation can affect the thin film structure, it appears not to be a 
dominant process. Thus the generation of thermal spikes appears to be a mechanism of 
inducing a phase change (39,41), but not a dominant mechanism in densification of films 
due to the filling in of voids. 


The momentum transfer process takes into account the displacement of deposited at- 
oms duc to bombarding species. This displacement can take on several forms; resputtering 
of deposited atoms which results in a net loss of film atoms, forward sputtering which 
leads to a densification and filling in of voids, lattice relaxation, and, of course, the im- 
pacting ion may also implant in the growing thin film, acting as an impurity. Several of 
these effects are shown in Fig. 4. Because of the variation in sputtering yields as a func- 
tion of incident ion energy, the use of lower energy ions ( ~ 100 eV) will result in more 
forward sputtering and redistribution than the complete resputtering of deposited species. 
In addition, since the incorporation of bombarding species has been shown to be de- 
pendent on incident ion energy, the use of lower energy ions has an advantage of mini- 
mizing these incorporated atoms. 


It has been shown previously (16) that momentum characterizes the behavior of stress 
in a series of materials covering the range from metals to semiconductors to insulators, 
thus showing wide applicability. Targrove et al. (42) have also addressed the question of 
momentum transfer, and found it to be the dominant mechanism in the densification of 
LaF, thin films, using ion-assisted evaporation. By observing the changes in the index of 
refraction as a function of the momentum imparted to the film, a good correlation with 
momentum was observed. 


In recent studies (43,44), the role of lower energy ion bombardment on the changes 
in density (void fraction) and other properties (optical band gap and inert gas incorpo- 
ration) using ion-assisted evaporation has also pointed to momentum transfer being an 
important aspect in modifying the density, a fundamental characteristic of a material upon 
which many properties depend. Amorphous Ge was used as a model system for these 
studies, and in view of the general applicability of such representations as the structure 
zone models (2,25-27), the results are believed to be of general applicability to other 
material systems. 


Using spectroscopic ellipsometry for the determination of the density (void fraction), 
it has been shown that the density exhibits a common behavior when plotted in terms of 
the energy deposited per arriving atom (E,) for the energy range of 15 to 600 eV (Fig. 
5). Several unique features are observed, with three distinct regions present. At low levels 
of bombardment, there is a sharp rise in density followed by a leveling off. This can be 
explained as due to bombardment induced densification and "annealing" of the film as it 
grows. However, as the energy of the incoming ion increases, another competing effect 
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must be addressed: bombardment-induced damage. This is believed to be the cause of the 
sudden drop in density seen in Fig. 5. Whether this damage is due to network induced 
disorder or to an increase in the implantation of Ar is not known. It is apparent, though, 
that the combined effects of energy and flux are important for the film densification 
process. 


To better understand the nature of this possible effect, the previous literature on 
bombardment-induced damage is considered. From the literature on sputtering yield 
Measurements and radiation damage (45), the critical energy which is necessary to cause 
displacements can be taken to first order as 4 times the heat of sublimation, i.e. 44H,,5). 
For Ge, AH, = 4.08 eV (46). Using this value, a critical ®,/®, for each incident ion 
energy can be calculated. If an elastic energy transfer is assumed and correction is made 
for the angle-of-incidence of the ions with respect to the substrate normal, then a 
(®;/®,) criticaa can be given as follows: 


AH,,,4)(19; + m) 


D./Da = 
( if critical mm,E; cos ©; 


(2) 


where m; and m, are the ion and atom masses, respectively. In Table 3 are the calculated 
(®;/®,) critica Values along with the (E,)criticas Values obtained by multiplying (®,/®,) critical 
by E,, cos 9;. This represents the critical threshold energy per deposited atom necessary 
to cause displacement type damage. This value of E,= 17.8 eV/Ge is in good agreement 
with Fig. 5 (E „= 18 eV/Ge with an uncertainty of a few eV/Ge), thereby lending sup- 
port for this mechanism. 


Table 3: Calculation of the critical ®,/®, and E, for Ar+ bombardment of a-Ge using 
Eqn. 2, which assumes elastic energy transfer and corrects for the angle-of-incidence of 
the ion with respect to the substrate normal (AH,,.5, = 4.08eV and ©, = 30°) (from Ref. 
43). 


D. 

E ( TI Jeritical (Ep)eriticai 
(eV) a (eV/Ge) 
600 0.034 17.8 
400 0.051 
200 0.103 i 

90 0.229 ” 

70 0.294 y, 

50 0.412 ‘i 

30 0.686 7 

15 1.372 iw 


As mentioned previously, Miiller (24) has modeled the effects of momentum transfer 
using a 2-dimensional MD simulation for evaporated Ni with Ar* assist; E; varied from 
Oto 100 eV and ®,/®, from 0 to 0.16. He found that low energies and small ®,/®, are 
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enough to cause substantial modification of the void structure with the packing density 
increasing from 0.74 (as-deposited Ni with no bombardment) to 0.84 (10 eV Ar) and 
0.95 (50 eV Ar), both at ®,/, = 0.16. This range of energies and arrival rate ratios is 
similar to that used by Yehoda et al. (43) and Yehoda (44). However, care must be taken 
when making exact comparisons due to the 2-dimensional nature of the simulations, but 
general trends should be similar. Although Miiller (35) does not show a saturation in the 
packing density at the higher levels of bombardment, he does indicate that this saturation 
was observed but was not studied extensively due to the high cost of computation time. 
If the simple model of Eqn. 2 is applied to his work, it is found that (®,/®,) critical = 0.64 
for 50 eV Ar bombardment, corresponding to (Eq)criticas = 24eV/Ni (AHgyy = 6.72€V 
for Ni). Since his simulations do not consider flux ratios larger than 0.16, the corre- 
spondence with Eqn. 2 could not be checked. 


Using a 3-dimensional Monte Carlo collision cascade simulation, Miiller (31) has de- 
veloped a model which attempts to explain the densification which takes place during ion 
bombardment due to surface sputtering and recoil implantation, followed by constant re- 
filling from the vapor atoms. He was able to generate density profiles of ZrO, films 
bombarded by O+, in addition to film density changes versus ,/, for 600 eV O+. His 
results are in agreement with similar experimental evidence by Martin et al. (41) for ion 
assisted ZrO, evaporated films. The theory starts to breakdown at higher ®,/@, where 
experiments find that densification saturates while the theory predicts a continual in- 
crease. This discrepancy can easily be accounted for, though, since repulsive effects be- 
tween the film atoms were not taken into account. It would be interesting to perform 
depth profiling on films of this type to compare an experimental depth distribution of the 
atoms with those generated by Müller. 


Similarly, using experimental results on CeO, evaporated with O,+ ion assist (47) 
Miiller (32) has formulated a simulation which describes the bulk density changes in an 
ion assisted film in terms of the sputtering yields of atoms on the surface, their recoil im- 
plantation, and the incorporation of ions. What he finds is that there exists a density in- 
crease with increasing ,/®, at fixed E;. Additionally, if ,/®, is held constant with E; 
varying, an optimum film density occurring at E,~167eV/CeO, was found, with the 
density decreasing at higher E;. Experimentally this is also observed, but the fall off is at 
a much slower rate. This behavior was similarly observed for the a-Ge when plotted in 
terms of E, (Fig. 5). If Eqn. 2 is applied to O+ bombarding CeO, (0, = 30°), then 
(En) critica 78 eV/CeO, , since AH, = 7 eV (32). It is apparent that this value of 
(E,) critical IS approximately half that found by Müller. Four possible explanations for these 
differences are: (1) Eqn. 2 is only a very simplified representation taking into account 
damage due to impinging ions, and does not address other important factors such as recoil 
implantation and ion incorporation, which Müller includes; (2) the value 4AH,,,,; used in 
obtaining Eqn. 2 is only an approximation to the damage threshold in a material, where 
significant damage may not occur until several times this value is transferred to the 
structure; (3) since the material is being bombarded with a chemically active ion, its ef- 
fects on adatom mobility may be such that more energy is necessary to cause rearrange- 
ment; (4) the choice of target mass in Eqn. 2 is not all that straightforward for a 
compound, whereas for a single component film the choice is obvious. At this stage more 
work is needed to understand the relative importance of these factors. 


For films of SiO, and TiO, deposited by ion-assisted evaporation, with energies of 30 
and 500 eV, McNeil et al. (48) observed a change in the optical transmission 
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(Tyuvstrate — Trim/substrate) Of the films with respect to the bare silica substrate at 
A = 2500A. For SiO, films, the transmission changed little under 30 eV O,* 
bombardment while under 500 eV bombardment it decreased by up to 12%. In TiO, the 
changes at 30 eV were again small, while 500 eV bombardment caused an even greater 
decrease under low to moderate fluxes. Their explanation for this behavior is the prefer- 
ential resputtering of oxygen which causes an enrichment in Si or Ti, resulting in increased 
absorption. Thus, selecting the degree of bombardment is seen to be important in 
achieving a desired result. 


Density (gm/cc) 


Density (gm/cc) 


eV/Ge 


Figure 5: Density versus energy deposited per arriving Ge atom (E,) for different ion 
energies. 15 eV (2); 30 ev (@); 50 eV (M); (b) 70 eV (0); 90 eV (X); 110 eV (+); 200 
eV (4); 300 eV (A); 400 eV (c); 500 eV (+); and 600 eV (c) Ar. (from ref. 43.) 


Hultman et al.(49) have observed a critical substrate bias voltage where the dislo- 
cation loop density is a minimum in epitaxial TiN films grown by reactive magnetron 
sputtering. Above this critical voltage the dislocation loop density is found to increase, a 
result of lattice damage from excessive ion bombardment. At the low bias voltages, they 
attribute the increased defect density to the low adatom mobility of the films which re- 
sults in point defects aggregating to form dislocation loops. Since no values for ion den- 
sities bombarding the film are given, Eqn. 2 cannot be used for a comparison. 


Whereas most of the previous examples have dealt with compound systems, Huang 
et al. (18) and Parmigiani et al. (50) looked at the effects of Ar bombardment on Ag films 
grown by dual ion beam sputtering as a function of the normalized energy E, (eV/Ag 
atom). Their results for the dislocation density did not show a minimum as did Hultman 
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et al. (49). This may be a consequence of the minimum energy deposited into the film 
already being surpassed. If Eqn. 2 is used to calculate the (E,) critica for Ar on Ag, it gives 
E, = 21.8 eV/Ag, the value at which we would expect damage to start to occur. In their 
study, the minimum E, was approximately 20 eV/ Ag, very close to the calculated critical 
value. Void fractions in these films show a continual decrease with increasing E,. This 
may not show the initial increase followed by a plateau and then a decrease as seen in Fig. 
5, because of the higher initial starting value of E,,. 


These are just a few representative examples which show the importance of ion- 
surface interactions and how controlling ion flux and energy can have important conse- 
quences on thin film characteristics and related properties. 


19.6 CONCLUSIONS 


The state of knowledge concerning ion-surface interactions with regard to thin film 
growth and evolution has only recently been addressed in a systematic and quantitative 
manner. The low energy regime of bombardment (< 100 eV) is found to be necessary 
and desirable in view of the results concerning densification and inert gas incorporation, 
and is an area where attention has only recently been given. In addition, the importance 
of momentum transfer in modifying the thin film structure is apparent. Although not 
specifically addressed in this chapter, molecular dynamics simulations of epitaxial growth 
have shown that optimum energies of the depositing atoms are on the order of 5 to 10 eV 
(51,52), again pointing toward low energy processes. Extension of the molecular dynam- 
ics modeling to thicker films and especially to 3-dimensions is necessary to gain a more 
complete understanding between theory and experiment. Each of these approaches will 
help lead to a quantitative description of thin film growth and the role that ion-surface 
interactions play. 
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lon Assisted Deposition 


James J. McNally 


20.1 INTRODUCTION 


The optical, electrical, mechanical and chemical properties of materials in thin-film 
form can vary significantly from their bulk properties. These differences in properties are 
directly related to film microstructure which, for vacuum deposited films, is predominantly 
columnar, containing voids and material inhomogeneities. Modifications to film proper- 
ties caa occur when the film is subject to ion bombardment during growth. In fact, sig- 
nificant improvements have been realized with controlled ion bombardment of growing 
films. A detailed review of ion-surface interactions is not the intent of this chapter; nor, 
is a discussion of the various technique used to achieve film bombardment. Excellent 
treatment of those topics can be found in Reference 1 and the earlier chapters of this 
book. 


The discussion in this chapter is focused on ion-assisted deposition (IAD). Ion assisted 
deposition is a plasma-based deposition technique that employs a separate ion source to 
direct a beam of ions at a growing film during deposition. A key distinction between 
conventional ion bombardment configurations and IAD is the isolation of the substrates 
from the ion production and acceleration process. This, in turn, permits separate control 
of the ion bombardment parameters independent of the material deposition process. 


The following material is oriented toward a general overview with an emphasis on the 
fundamentals of the IAD process. References are given for in-depth treatments of several 
topics. In this chapter a brief background of the LAD process is given, followed by details 
on experimental arrangements and procedures. A results section follows that discusses 
specific effects that IAD has on film properties. The chapter concludes with a discussion 
of the limitations in applying IAD and some advantages over other energetic deposition 
techniques. 


20.2 BACKGROUND 


The fundamental properties of vacuum deposited films vary significantly from their 
bulk values due to poor film microstructure. Microstructure-related effects on film prop- 
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erties can be observed in low optical refractive index, high optical scatter, low dielectric 
constant, varying grain size, low density and poor environmental durability and optical 
stability. A number of novel deposition techniques have been developed to overcome the 
weaknesses of films relative to bulk materials. In these techniques, energetic processes are 
employed to supply sufficient activation energies to increase adatom mobility and elimi- 
nate the formation of columnar microstructure (see detailed discussions in other chapters 
of this book). A shortcoming of some of these techniques is the lack of versatility in 
controlling the energetic/reactive process parameters independent of the film deposition 
parameters, Ion-assisted deposition uses a separate, well-controlled ion source to direct a 
beam of ions at the film surface during deposition. A separate ion source allows control 
of the ion energy, current density, arrival direction and species independent of the mate- 
rial deposition process (e.g. evaporation or sputtering). Note: the discussion in this 
chapter is restricted to using the Kaufman ion source for bombardment. See Ref. 2 for 
discussion of other ion sources. 


The flexibility provided by a separate ion source allows the tailoring of the optical, 
electrical, structural and chemical properties through proper selection of ion parameters. 
It allows an examination of thin film growth processes and the fabrication of unique film 
properties. Examples of this are found in the low temperature deposition onto sensitive 
substrates of materials normally requiring elevated substrate temperatures (3). Examples 
are found in coatings where the film stoichiometry can be varied as a function of thickness 
(4,5). Other examples are found in the modification of stress in Nb films (6), and in the 
control of the microstructure of Cu films (7). 


To fully understand and model the effects of ion bombardment, one must examine the 
ion-surface interactions. The energetic ions and ad-molecules arrive at the surface and 
dissociate resulting in enhanced adatom migration. The high surface diffusion energies, 
equivalent to elevated substrate temperatures, result in diminished film columnar micro- 
structure. A detailed discussion of ion-surface interactions are given in Chaps. 19 and 
21. and results from an experiment to investigate ion-surface reactions are given in Ref. 
8. Also, a very good discussion on modeling the IAD film growth process is given by 
Müller (9). 


20.3 EXPERIMENTAL APPARATUS 


Two general arrangements are most popular for application of the ion source to thin 
film coating. Ions from the source are directed to the substrate which is being coated with 
material generated by thermal or e-beam evaporation. This is termed ion assisted depo- 
sition (IAD). Second, ions from one source are directed at a target which is sputtered, 
and the sputtered material is deposited on a substrate while a second ion source bombards 
the growing film. This is termed dual ion beam sputter deposition (DIBS). 


20.3.1 lon Source 


Broad-beam ion source technology is discussed in detail in an earlier chapter. A brief 
description is given here only to cite some specific examples of operational characteristics 
that impact the system design of IAD tasks. Ion sources are like most apparatus, in that 
when they are optimized for a specific process, they tend to sacrifice performance in other 
areas. This tendency leads to groupings of types of sources that conform to the process 
parameters of interest. 
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Briefly, the ion source operates as follows. Gas is introduced into the discharge 
chamber; electrons emitted from the cathode impact ionize the gas molecules. The 
discharge-chamber contains a conducting plasma composed of approximately equal 
numbers of ions and electrons. The plasma potential is essentially equal to the anode po- 
tential, therefore the ions originate at approximately the anode potential ("beam volt- 
age''). The screen grid aligns the ions that are accelerated from the source by the electric 
field established in the region between the screen and accelerator grids. The ions travel 
from the source to the substrates which are held at ground potential. 


Two collisional processes that could occur for the ions traveling to the substrates are 
resonant charge exchange and elastic collisions. The mean-free paths, at a standard op- 
erating pressure used (10-‘Torr) , are greater than 100 cm for resonant charge exchange 
collisions. Therefore, the ion source-to-substrate or to-target distance should be less than 
100 cm. The mean free paths for elastic collisions are about ten times larger than for 
resonant charge exchange collisions. Therefore, the ions reach the substrate or target with 
negligible scattering. 


An attractive feature of a Kaufman ion source is the monoenergetic ion beam it 
produces. The energy distribution can be characterized using a retarding prid arrangement 
in front of a Faraday probe. The energy spread is approximately 10 eV over a range of 
beam energies from 300-2000 eV for the dual grid extraction arrangement (10). The en- 
ergy spread from a source with a single grid arrangement is somewhat larger (10). 


For the discussion in this chapter one can classify an ion source as a sputtering source 
or an enhancement source. Sputtering sources are those used to remove the maximum 
amount of deposition material from a target in the minimum time. In general, beam uni- 
formity is not of great importance; the source operates at 1 to 2kV (11) and it is desirable 
to deliver as much ion current to the sputter target as possible. More details on the spe- 
cific parameters for sputtering sources are given in the section on dual ion beam sputter- 
ing. Enhancement sources provide ion bombardment to growing film material produced 
by another means. Beam uniformity is important; the source typically operates at low 
beam energies and current densities; and it is frequently required to operate with reactive 
gases which severely impact filament lifetimes. 


The point of this discussion is to make the reader aware of the variety of potential 
tasks (others, such as ion beam etching, are discussed in an earlier chapter) that can be 
accomplished using broad-beam ion sources, and that the devices can be optimized for 
various tasks. Frequently, the optimization from one specialized task to another can be 
accomplished by something as simple as a grid change. Other optimization can require 
extensive hardware changes (such as the incorporation of a hollow-cathode emitter in the 
main chamber and as the neutralizer emitter), and include significant variations in control 
systems and operating procedures. 


20.3.2 Operational Considerations 


All ion sources that produce beams using electrostatic acceleration present certain 
potential problems. The beam is extracted and accelerated by significant dc potentials 
(200-2000 eV typically). The workchamber contains a moderate current ( > 1A) beam 
and is filled with a dilute, conducting plasma. Care must be taken to electrostatically 
shield the high potential leads to the source. Electrical breakdown is possible between 
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closely spaced leads, and this is enhanced by the dilute plasma. Some ion sources are de- 
signed in which gas flow lines are isolated from ground potential near the ion source; other 
sources have a conducting gas line at high voltage that passes through an insulator in the 
vacuum system wall and is electrically isolated outside the chamber. This line is often 
overlooked as a high voltage electrode source and can also be a significant safety factor. 


The pressure inside the gas line goes from a few psi above atmosphere at the gas cyl- 
inder to approximately 10-3 Torr in the ion source plasma region. Screens of metal wool 
pads are frequently used to provide large area surfaces on which ions can recombine and 
this prevents electrical breakdown in the gas feed tubes. 


Oxidation can occur if a hot ion source is vented at atmosphere too soon after opera- 
tion. The oxide films on the various electrodes can become sufficiently insulating to pre- 
vent source operation on a subsequent pump down. Similarly, sputtering of materials in 
a reactive atmosphere can produce insulating coatings. To avoid problems in this situ- 
ation, regular cleaning of the ion source is important. This can be accomplished me- 
chanically, for example, using bead blasting, or chemically, using acids to remove 
non-conductive thin film material. 


The applications of ion beams to thin film deposition require knowledge of the ion flux 
at the substrate or target. For ion assisted deposition this measurement is very important; 
knowing just the total beam current is not sufficient. 


When a standard Faraday probe arrangement is used while depositing conducting film 
materials, no special precautions are necessary. The probe element should remain insu- 
lated from the rest of the probe body, and the electrical characteristics of the probe ele- 
ment should remain constant. The probe might be moved into the ion beam just prior to 
the deposition process in order to check the beam condition. The probe would then be 
moved out of the beam. 


When insulating materials are being deposited, care should be exercised to prevent the 
probe element from becoming coated. This would change the probe characteristics to 
provide incorrect indications of ion beam current density. During deposition the probe 
might be moved to an area where it is shielded from the film material, or the probe might 
have a shield attached. If the beam is to be monitored during deposition, some accumu- 
lation on the probe element is inevitable, and the probe should be later cleaned. 


20.3.3 lon Preclean of Substrates 


Substrate condition prior to coating is extremely important for proper film adhesion; 
in addition, it has an influence on subsequent film growth characteristics. In this section 
the application of ion beams as the final step of cleaning a surface immediately before film 
deposition is discussed Results of ion beam cleaning and the improved adhesion of films 
which this can provide, such as Au on BK-7 glass, are discussed in Ref. 12. Ion beam 
cleaning obviously represents no added equipment to the deposition system when IAD is 
employed. 


The processes which occur on the substrate due to ion bombardment include a num- 
ber of things. This includes desorption of adsorbed water vapor, hydrocarbons and other 
gas atoms. Chemisorbed species and occluded gases are sputtered. If the bombarding 
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ion is an oxygen species, chemical reactions with organic species on the surface can result 
in compounds which are more volatile and hence more easily removed. For the levels of 
ion flux (20-100 »A/cm?) and energy employed, and for the small time required for 
cleaning, the substrate temperature rise is usually negligible, and this has little effect on 
substrate outgassing. Relatively low energy (300 eV) ions are preferable to higher energy 
ions to minimize substrate sputtering, while still being sufficiently energetic to produce the 
effects mentioned above. Ion bombardment causes substrate defect production which in 
general is beneficial for subsequent film nucleation and adhesion. 


If there is only single-axis rotation of the substrates, the ion source might be placed 
directly below the center of the substrates; if it is not directly below the substrates, then 
the beam pattern is simply spread over a larger area. If the fixturing involves planetary 
rotation, then the beam should be directed to a region that will ultimately provide 
bombardment of all substrates. In this case, the ion beam is obviously not on a particular 
substrate continuously; it is "time-shared" between all substrates. This, however, does 
not present the potential problems that are discussed in connection with IAD of substrates 
in planetary arrangements. 


To estimate the time required for cleaning substrates, one should consider the amount 
of material which is sputtered. This is determined in part by the sputter yield of the 
substrate material and that of the unknown species on the substrate. Sputter yields for 
many materials are well characterized for various incident ions and ion energies; typical 
values range from 0.1 to 3 atoms/ion for inert gas ions of 0.5 to 2 keV energy (11). Ifa 
sputter yield (S) of 0.1 atoms/ion is assumed, the thickness (L) of the layer of material 
removed in 5 minutes (t) due to a beam of 5O0ua/cm? current density (J) is given by 


L=SIJVt/q í) 


Or equivalently, L = 25Å. Here V is an assumed volume of the sputtered atoms, taken 
to be 27A3, and qis the charge of the ion in Coulombs. This simple calculation illustrates 
how several atomic layers of material can be quickly removed from the substrate even at 
relatively low current densities to leave it atomically clean. However, it leaves open to 
question what the effective sputter yield of the contaminant layer is. If the beam is time- 
shared as described above in connection with planetary fixturing, then one must estimate 
the fraction of time F the substrates are in the ion beam; in the expression above, t would 
become t/F. 


There are four considerations one should be aware of in applying ion bombardment 
to clean substrates. The first is the influence of ion bombardment on the substrate 
microroughness. If the substrate is polycrystalline and composed of relatively large 
crystallites, the microroughness of the substrate increases significantly if the substrate is 
ion bombarded for a long time. For example, Cu substrates have demonstrated an in- 
crease in rms roughness from approximately 25 Ato nearly 50 A when 1200 A of the 
substrate was removed using ion beam sputtering (12). (This amount of material removal 
is somewhat severe in terms of substrate cleaning, but it illustrates the point.) One the 
other hand, amorphous or very small-grained polycrystalline substrates as well as single 
crystalline materials are less likely to develop a significant surface topography with this 
level of sputtering. 
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The second consideration when applying ion precleaning is that the stoichiometry of 
the top few atomic layers of substrates composed of compound species can be altered. 
This is due to the ions preferentially sputtering one atomic species, leaving the surface rich 
in the other atomic species. The extent of this altered layer production is naturally mini- 
mum with minimum ion energy (for energies less than approximately 2 keV) and flux. 


A third consideration when applying ion beam precleaning involves the potential 
damage to a crystalline substrate surface, such as semiconductor materials. It is very dif- 
ficult to obtain a clean semiconductor surface and maintain the bulk properties at the 
surface; atoms in the crystal lattice structure are displaced due to the ion bombardment. 
A general guideline is to reduce the ion energy to the lowest level possible if substrate 
damage is a concern. 


A fourth consideration in applying ion precleaning involves contaminating the surface 
of the substrate being cleaned with the material from the fixturing holding the substrate. 
Slight contamination, especially around the periphery of the substrate is usually unavoid- 
able. When possible, the fixturing material should be constructed of material which is 
similar the the film material. 


20.3.4 lon Assisted Deposition 


Ion assisted deposition (IAD) employs an ion source to direct a beam of ions at the 
substrate during deposition where the vapor source is either thermal or electron-beam 
evaporation. (Dual ion beam sputter deposition is discussed in the next section.) An 
obvious advantage to utilizing IAD is that the process can easily be incorporated into an 
existing vacuum deposition system. In this section we describe the equipment to deposit 
thin films using IAD. 


A schematic of a vacuum deposition system configured for IAD is shown in Fig. 1. 
The operation of the source to provide the thin film material is totally independent from 
the ion source, and the configuration provides the ability to accurately measure all critical 
deposition parameters. The ion source provides a neutralized ion beam directed at the 
substrates. 


As illustrated in the schematic, the gas is introduced through the ion source into the 
chamber. IAD is inherently a low pressure process (10-5 to 10-4 Torr) that permits a 
great deal of flexibility in deposition configurations. Any number of gas species may be 
introduced through the ion source depending upon the complexity of the gas manifold. 
Neutral background gas may also be introduced into the vacuum chamber through an- 
other inlet if desired. An attractive feature with IAD is that substrate cleaning (Section 
20.3.3) may be readily accomplished before deposition by controlling the appropriate gas 
species through the ion sources. Immediately upon completion of the cleaning process, 
deposition can commence. The minimal time lag between the two processes is due to the 
delay, if any, associated with changing the gas species flowing though the ion source. 


As described in Sect. 20.3.2, it is essential that ion beam probing be undertaken 
carefully. For certain materials, film properties are sensitive to bombarding ion flux levels 
(examples are given later in this chapter). As illustrated in Figure 1, an ion current probe 
is located just below the substrates. The probe platform is mounted on a rotary 
feedthrough such that it can be moved through the ion beam immediately below the 
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substrates. After the ion flux value is measured, the probe is rotated away from the 
substrate area to minimize the coating of the probe. Not shown in the figure is a shield 
attached to the probe platform which protects the probe from film material during depo- 
sition. 


SUBSTRATE 
HEATER 


CRYSTAL 
MONITOR BAKE-OUT 
HEATERS 


SHIELD 


SHUTTER CURRENT 
PROBE 


0: Ar 


Figure 1: Schematic of Ion Assisted Deposition (IAD) system. 


An important parameter in depositing thin films using IAD is the ratio of the ion-to- 
depositing atom arrival rates. Proper beam probing allows accurate determination of the 
ion flux. One method to determine the flux of arriving, condensing film atoms is meas- 
urement of the film deposition rate using a crystal monitor. As illustrated in Fig. 1, the 
monitor may be located very close to the substrates. However, it should be shielded from 
the direct ion beam to minimize sputtering of the monitor material. The monitor must be 
calibrated to determine an accurate tooling factor for different film materials and for 
various ion source conditions (i.e. accurately account for sputtering). If the substrate 
fixturing involves planetary rotation, then the monitor cannot be located immediately ad- 
jacent to the substrates. In this arrangement, determination of the flux of depositing atoms 
is more difficult. Usually the substrates are exposed to the ion beam for only a fraction 
of time (F). This complicates the procedure to account for sputtering when determining 
the flux of film atoms. For the fixed geometry illustrated in Fig. 1, the substrates are ex- 
posed to the ion beam continuously. Modification to the thin film properties can occur 
on a continuous basis. When using IAD with a planetary rotation geometry, care must 
be employed in selecting the ion beam parameters which result in the desired thin film 
properties. 
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Another important consideration when applying IAD is the respective arrival di- 
rections of the bombarding ions and the film molecules. As illustrated in Fig. 1, when 
employing a fixed-position substrate geometry with an off-axis ion source, it is important 
that substrate rotation be employed. The rotation of the substrates is necessary to mini- 
mize anisotropic properties in the films due to the different arrival directions of the ions 
and the molecular species. 


For the ion source proper selection of the discharge voltage is important. The value 
should be high enough to sustain an appropriate discharge in the source (typically 40 V). 
However, too high a value (70-90 V) will cause increased production of doubly ionized 
atomic (molecular) ions. The doubly ionized species will be accelerated to twice the beam 
energy (the energy of the singly ionized ions). This results in increased sputtering of the 
sample, which may be desirable, but can also lead to increased damage of sensitive sam- 
ples. Also, high values of discharge voltage can decrease the lifetime of the cathode fila- 
ment in the source and cause additional sputtering inside the source, leading to 
contamination of the beam. For a 10 cm source, cathode filament lifetime for average 
IAD conditions (500 eV, 30ua/cm? ) operating in oxygen is approximately 4-hours for 
0.4 mm (0.015 in.) diameter tungsten wire. The lifetime for 0.5 mm diameter (0.020 in.) 
tantalum wire is only 1-1.5 hours under similar conditions. For this reason, one might 
consider using thoreated filaments to increase lifetime. 


As mentioned earlier, it is necessary to provide a compensating density of electrons 
to the ion beam, especially when bombarding an insulating target. This is often accom- 
plished using a thermionic neutralizer filament which emits the appropriate electron cur- 
rent into the beam. The value of this neutralizer current is matched to the beam current. 
Note that the ions are not neutralized in-flight but rather the total beam current is zero 
due to the intermixing of the electrons into the ion beam. When using this simple ar- 
rangement for beam neutralization, consideration must be given to contamination arising 
due to neutralizer filament sputtering. Another technique for beam neutralization is the 
use of a plasma bridge neutralizer arrangement. 


20.3.4.1 Procedures. It is critical that the ion flux is stable and accurately measured 
before deposition begins. The film material should be pre-heated and a shutter employed 
to prevent deposition before the ion source is stable. The gas discharge of the ion source 
should be established and the desired beam parameters (ion energy, flux and neutralizer 
current) set at the ion source controller. When the ion flux is measured by the probe, an 
accurate record of its value and all ion source parameters should be made. When the 
probe is rotated out of position, deposition may commence. During deposition the beam 
energy and current must be monitored to ensure stable ion source operation. At the 
completion of deposition, the ion flux should be checked by rotating the probe back to the 
original measurement position. 


20.3.5 Dual lon Beam Sputtering (DIBS) 


When energetic ions or neutral atoms strike a surface, many processes can occur. One 
of these is the ejection of atoms of the surface (target) materials, and this is known as 
sputtering. Of primary concern in sputtering is the sputter yield (S), in atoms/ion, and 
the relation of S to parameters involved such as ion and target species, ion energy, ion 
incident angle and target condition. In addition, it is very important to have an idea of the 
average ejection energy of sputtered atoms, as this has a significant influence on resulting 
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thin film properties. Similarly, the angular distribution of the sputtered atoms is of im- 
portance in determining film deposition rate, uniformity, etc. Detailed treatments of 
sputtering are given in an earlier chapter as well as in Reference 2. In this section exper- 
imental aspects of dual IBS will be described. 


Figure 2 illustrates the apparatus used in ion beam sputtering. In this case, two ion 
sources are shown, one for sputtering and one for bombarding the substrate prior to 
coating or during deposition. Also shown is a probe to characterize the beam in the vi- 
cinity of the target, as well as the other shutters typically found in a deposition system. 
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Figure 2: Schematic of Dual Ion Beam Deposition (DIBS) system. 


Chamber size requirements are influenced little by addition of a small ion source; 
more elaborate arrangements such as illustrated in Fig. 2 require a specially designed 
system. Typical size of the arrangement shown in the figure is roughly 50 cm in diameter. 
Similarly, vacuum pumping requirements are not influenced greatly with the addition of 
a small ion source; typical added gas load is 2-4 SCCM (cm?/ min) for a 2.5 cm diameter 
ion beam source. A 6-inch diffusion-pumped or cryogenically-pumped system will typi- 
cally operate in the 10-5 to low 10-4 Torr region with this gas load. Incorporating large 
ion sources into a system may require additional pump capability. 


The arrangement of the sputter target and the substrates is often as illustrated in Fig. 
2. A typical separation between the ion source and the target is 30 cm. The target is ar- 
ranged at an angle of approximately 45 degrees to the ion beam to increase the sputter 
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yield (2). The energetic neutralized ions which are reflected from the target can, in some 
situations, be detrimental to the film if they are allowed to bombard the substrate. This 
is the case, for example, when high quality oxide films are being deposited using Ar ions 
to sputter a target and an O, partial background pressure (13). To minimize this effect, 
the substrates are arranged as shown in Fig. 2. Although the neutralized ions do not all 
reflect in a specular sense, it is believed they are predominantly directed in this "direction. 


For ion beam sputtering it is usually desirable to deliver as much ion current to the 
sputter target as possible, and this dictates the use of large ion sources (e.g. 10-15 cm di- 
ameter. Wire filament cathodes and neutralizers can be used which are made of W or Ta 
typically 0.010 to 0.015 inches in diameter. Both have lifetime limits of several (one to 
over ten) hours. Lifetime of the neutralizer is increased if it is placed near the edge of the 
ion beam and not through the center. This can be tedious to achieve, as the beam profile 
and therefor e the position of the neutralizer are somewhat dependent on operating con- 
ditions (pressure, beam energy, etc.). Both the cathode and neutralizer lifetime are 
greatly reduced if a reactive gas is passed through the ion source. In addition, the W or 
Ta material can contaminate the target and be deposited in the film at a low level. In place 
of the wire cathode, a hollow cathode discharge device can be used to supply electrons to 
the main discharge of the ion source. Although this operates very well with inert gas, op- 
eration with O, has not be satisfactory, Similarly, the wire neutralizer can be replaced 
with an auxiliary discharge device, a plasma bridge neutralizer, to supply neutralizing 
electrons to the beam. This must remain outside of the beam to avoid being sputtered and 
contaminating the target material. Another approach is to construct the housing of the 
plasma bridge neutralizer of a material which is compatible with the target and film. 


When larger loads of substrates need to be coated, larger diameter sources are used 
and the source - target - substrate distances are increased. This geometric scaling results 
in inverse square losses, with corresponding reduction in deposition rates. 


In general, the angular distribution of sputtered particles is peaked in a forward di- 
rection, at an angle roughly comparable to that of the incident ions. A cosine distribution 
has been used to describe this, although several factors have an influence. In particular, 
the target condition is very important. The distribution pattern will vary depending on 
target crystallinity, target age, a target of solid material will provide a distribution pattern 
different from that of one made of pressed powder and the ion-target incidence angle. 


From what has been described, it is apparent that the best approach to characterize 
the distribution pattern in applications in which it is critical is to simply use trial and error. 
For example, sample substrates might be coated. Film deposition rate and uniformity 
could be determined from subsequent examination using a spectraphotometer or other 
types of interferometry. 


Target size should be sufficient to insure that none of the beam passes the target and 
sputters other material. In optical coating arrangements in which large ion sources are 
used, target size is typically 20 cm wide and 30 cm long. Placement of the target and the 
influence of this on the distribution of sputtered atoms has been discussed. 


In the case of optical coatings, elemental targets of Si, Ti, Ta, etc., are often preferred 
because of the higher sputter yields and therefore large deposition rates provided, com- 
pared to targets composed of the oxide materials. In this particular situation, Ar ions are 
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often used to sputter the target; the second ion source, possibly with a single-grid ar- 
rangement to provide very low-energy ion extraction, is often used with O, to improve 
film stoichiometry. Deposition rates of 1-2 A/ sec can be achieved (13). Similar tech- 
niques have been used in the case of nitride film deposition (8). 


In general, there is no restriction placed on a target used in ion beam sputtering; the 
target can be an insulator since the ion beam can be neutralized. Sputter targets are often 
water-cooled due to the incident power (e.g., 0.25 A at 1500 V in vacuum). 


A technique which has been used to ion beam sputter compounds of materials in- 
volves placing pieces of one target material on a second target material (2,14). The film 
composition depends on the relative sputter yields, the relative areas of the targets which 
are sputtered and the relative sticking coefficients of the atoms at the substrate. 


20.4 PROPERTIES OF IAD FILMS 


Early studies utilizing an ion beam to modify the properties of evaporated films were 
reported by Heitman (15). Another study utilizing a separate ion source to bombard 
evaporated SiO with 5 keV oxygen ions during deposition was done by Dudonis and 
Pranevicius (16). They investigated the effects of ion flux on film stoichiometry and found 
that for increasing flux values, the 0/Si ratio approached two. Cuomo, et al.(6) obtained 
superconducting NbN films by bombarding evaporated Nb with N,* during deposition. 
Netterfield and Martin have studied the effects on the properties of ZrO, and CeO, films 
bombarded with O,+ and Ar* during deposition (17-19). They reported increased pack- 
ing densities, reduced permeability to water and changes in film crystal structure. Argon 
ion bombardment produced changes in film stoichiometry. McNeil et al, (20,21) have 
examined the effects of 30-500 eV oxygen ion bombardment on the properties of 
TiO, and SiO, films deposited using TiO and SiO starting materials. They reported that 
improvements in optical properties were obtained at 30 eV; in particular, better film 
stoichiometry. McNally, et al.(22,23) reported the effects of oxygen ion bombardment 
on the properties of Ta,0;, Al,O;, TiO,, and SiO, films. Increases in the values of 
refractive index were reported for 200, 300, 500 and 1000eV bombardment. 


The values of n (at A = 400nm) for Ta,0; coatings bombarded with 200, 300 and 
500 eV oxygen ions are plotted in Fig. 3 as a function of Of current density. The error 
bars indicate the uncertainty in the index measurements. The values increase from 2.16 
for coating deposited without bombardment to maximum values of 2.25, 2.28 and 2.19 
for films bombarded with 500, 300 and 200 eV Ož, respectively. 


The current density value (for a fixed ion energy) at which the maximum n occurs is 
termed the critical value. The results in Fig. 3 illustrate that film index values decrease for 
ion current densities greater than the critical values. The decrease in index may be ex- 
plained as a result of degradation in film stoichiometry, creation of closed isolated voids 
or oxygen incorporation into the films. Similar results for which the values of refractive 
index decrease for current densities greater than the critical values have been reported for 
ion assisted ZrO, films (18) and CeO, films (19). 
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Figure 3: Refractive index as a function of oxygen ion beam current density for Ta,O, 
films as a function of ion energy during deposition. 


The coatings bombarded during deposition at oxygen ion current densities up to ap- 
proximately the critical values exhibit good optical characteristics. For higher levels of 
bombardment, the optical absorption of the coatings increase. In Fig. 4, values of ex- 
tinction coefficient (k) for TO; coatings (300 nm thick) bombarded with 500, 300 and 
200 eV oxygen ions are plotted as a function of Of current density. The values of k were 
calculated at à = 400 nm. The error bars indicate the uncertainty in the measurements. 
The dashed line across the bottom at k = 2.0x10~-* indicates the level below which the 
values of k were too small to be regarded as reliable because of the minimum sensitivity 
of the measurement technique. 


As illustrated in Fig. 4, film optical absorption increased with higher levels of oxygen 
bombardment. The most probable mechanism for this is the preferential sputtering of 
oxygen in the Ta,O, molecule. This damage mechanism has been observed in other IAD 
films (18). This highlights the requirement for proper beam probing to avoid composi- 
tional change by preferential sputtering. 


478 Handbook of Plasma Processing Technology 


20 


EXTINCTION COEFFICIENT (x 1074) 


10 20 30 40 50 60 70 80 90 
O.* CURRENT DENSITY (uA cm“?) 


Figure 4: Extinction coefficient as a function of oxygen ion current density and ion en- 
ergy for Ta,O, films. 


The environmental stability of optical coatings is in large part limited by the porosity 
of the film microstructure. Results have been reported for IAD ZrO, and Ta,O, coatings 
(22) where the refractive index value remained stable to less than 0.3% after exposure 
to high humidity. LAD can affect intrinsic stress in films. Changes in stress for Ta,0, 
coatings have been reported (22). Cuomo, et al.(6) reported a change in stress from 
tensile to compressive for evaporated Nb films bombarded with 100-800 eV Ar+ during 
deposition. They attributed the changes in stress to modifications in film microstructure 
and incorporation of argon. Hirsh and Varga (24) measured stress relief in evaporated 
Ge films bombarded with 100-300 eV Ar+ during deposition. The stress changed toward 
compressive values. 


Another example of recent IAD work is the deposition of protective coatings on sen- 
sitive substrates at low temperatures (3). MgF, films were successfully deposited on heavy 
metal fluoride glass substrates at 100°C The films were bombarded with 300 eV Art 
during deposition. Conventional evaporated MgF, films are soft when deposited at 
substrate temperatures less than 250°C(25). The IAD MgF, films were hard and robust. 
ThF, films have also been successfully deposited at ambient temperatures using IAD 
(26). Film stability to humidity was significantly improved for the IAD films. 


IAD has been used to affect the microstructure and properties of metal films (27). 
An excellent recent report (6) examines the effects of IAD on resistivity, stress, hardness, 
crystallinity and the surface morphology of evaporated Cu films. Films were bombarded 
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with 600, 125 and 62 eV Ar ions at various ion flux levels. The results illustrated that 
using a general energy parameter (i.e. eV/atom) to predict film property modifications is 
incorrect. Thus, the effect of ten 600 eV ions is different than the effect of one hundred 
60 eV ions. This work demonstrates the independence of ion energy -and ion flux as they 
affect film properties. 


Control of stoichiometry is important in tailoring the optical and electrical properties 
of films. The results of Nj} and Of bombardment during the evaporation of Si and Al can 
be found (4,5,28). Netterfield (28) examined the effects of 60 and 100 eV N3 
bombardment on the optical constants of Si,N, films. With 60 eV ion bombardment the 
films were lossless. At 100 eV bombardment the refractive index value increased but the 
films became lossy. Donovan (5) investigated the feasibility of designing rugate filters 
by varying the flux of 500 eV Nj bombarding the substrate during deposition. Al- 
Jumaily, et al. (4) varied the stoichiometry of silicon and aluminum oxynitrides by varying 
the gas mixture in the ion beam. They studied the optical properties and the humidity 
stability of the resulting films. 


20.5 PROPERTIES OF DUAL IBS FILMS 


A number of references (2,29) are available that describe the properties of thin films 
deposited by dual IBS. Improvements in the properties of carbon films are presented in 
Ref. 30. A graphite target is sputtered by argon gas or a mixture of argon/methane gas. 
The second ion source also uses either argon or argon/methane mixture as its working 
gas. The films sputter-deposited with no ion assist were amorphous, a dark brown color 
and soft. The films deposited with low energy ion bombardment of the substrates were 
insulating, transparent and hard. However, if the ion energy or flux levels were increased 
too much the films became brittle. In another study, (29) dual IBS was applied to deposit 
AI-N films. A 1500 eV Art sputters the Al target while a 100- 500 eV N} beam bom- 
bards the substrate. The properties of the thin films were examined as a function of 
varying ion flux levels. The films’ visual appearance changed as the amount of nitrogen 
in the films varied: from a shiny metallic appearance for N-AI ratios less than 0.54, to a 
shiny gray for 0.82 < N/Al < 1.0, to transparent for stoichiometric AIN. The electrical 
properties also varied as a function of N-AI ratio. 


The optical properties of Cu films deposited under different ion flux levels were found 
to vary (31). Films deposited with a factor of three variation in the bombarding ion cur- 
rent density were found to have differences in microstructure (voids and grain size) which 
caused differences in the films optical constants. Recently, dual IBS oxides were found 
to exhibit optical properties which equal or surpass conventionally deposited films 
(13,32). In one example, low-scatter optics are critical to the proper operation of ring 
laser gyroscopes and low-gain laser systems. (Scattering in laser gyroscopes is detrimental 
because it causes an effect called lock-in which severely decreases output precision.) 
Demiryont, et al. (32) used dual IBS to study the effects of various Ar/O, gas mixtures 
on TiO, and Ta,O, film properties. Holmes (13) has deposited films with total optical 
losses less then 100 parts per million as measured in a ringdown laser arrangement. These 
films were highly stable with temperature cycling to 300°C in atmosphere for several 
hours. 
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20.6 ADVANTAGES and LIMITATIONS 


The two configurations for using ion beams for thin film deposition (Figs. 1 and 2) 
each contain their distinct advantages. Direct comparison of the two configurations to 
determine which provides the "best" coatings is difficult. The decision as to which con- 
figuration to employ must be made with consideration of the end application, the existing 
deposition system (if any), total costs and the issues discussed in previous sections. In this 
section, a discussion summarizing the advantages and disadvantages of dual IBS and IAD 
is given with the emphasis on listing information to aid the users in deciding which con- 
figuration would better serve their needs. 


The improvements in the properties of thin films produced using dual IBS and IAD 
are are given in a previous section. It appears that each technique results in thin films of 
similar quality. Thus, a decision based on film quality would need to be made on a case- 
by-case basis However it is clear that films produced using dual IBS or IAD possess 
properties superior to films deposited by evaporation alone. 


A direct advantage of IAD is that the technique is readily implemented with the ad- 
dition of an ion source apparatus to an existing vacuum deposition system. This offers 
significant savings in both time and money. On the other hand, dual IBS may require more 
modifications to an existing deposition system, or the purchase of a totally dedicated one. 
Either choice requires a major investment. Another advantage of LAD is the ease in which 
the technique can be scaled to large geometries. Scaling the dual IBS process is more 
limited than the IAD process by the size of ion sources available. A number of trade-offs 
among the deposition parameters (deposition rate, uniformity, etc.) exist, and they must 
be considered before choosing which technique would best achieve the desired results. 


In sputter applications, ion beams provide control of ion energy, flux, species and 
angle of incidence. These parameters are not only controllable over a wide range, they 
can be controlled nearly independently of each other. This represents significant advan- 
tages compared to other forms of sputtering. In addition, the gas discharge of the ion 
source is contained and separate from the rest of the deposition system. For example, in 
the case of magnetron sputtering the ion energy cannot be controlled over a wide range, 
and it is closely coupled to the magnetron discharge current. Being able to arrange the 
sputter target at an angle to the incident ion beam is advantageous both in terms of sputter 
yield and sputtered atom energy, as well as allowing flexibility in the experimental ar- 
rangement. In the case of magnetron sputtering or other processes in which the sputter 
target is in contact with the discharge, there is no control of the incident angle. Ion beam 
sputtering allows greater flexibility in target material and composition than in other forms 
of sputtering. As another example, the species in the ion beam can be easily and accu- 
rately controlled by adjusting the flow of one or more types of gas through the source; 
reactive (O,, N, , etc.) or inert ion species can be present in practically any ratio desired. 
The low background pressure present during ion beam sputtering might lead to less gas 
inclusion compared to other processes. However, substrates will be bombarded with en- 
ergetic neutralized ions which are reflected from the target unless special precautions are 
taken. In this case the incorporation could increase significantly due to a larger sticking 
coefficient of the energetic atom. 


An obvious disadvantage of application of ion beams in general is the added expense 
and complexity of the coating process. However, neither of these is severe. It is more 
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difficult to scale the ion beam sputter process compared to magnetron or some other 
sputter process. Geometries of the ion beam sputter arrangement sometimes must be 
small in order to avoid prohibitively slow deposition rates, and this might be a problem. 


20.7 CONCLUSION 


In this chapter, I presented a general overview of two specific ion deposition tech- 
niques. The advantages offered by dual IBS and IAD are the degree of flexibility and 
independence provided, compared to other gas discharge techniques. The capability to 
tailor and study film properties for varying controlled bombardment conditions is unique. 
As improvements in ion beam technology continue, a wide variety of "novel" deposition 
arrangements will appear. Further improvements in film properties and expanded appli- 
cations to production (electronics, optics, protective) coatings will allow the advantages 
of dual IBS and IAD to outweigh the disadvantages. 
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Microstructural Control of 
Plasma-Sputtered Refractory 
Coatings 


David W. Hoffman and Robert C. McCune 


21.1 INTRODUCTION 


One of the foremost attractions of sputtering versus thermal evaporation for the vac- 
uum deposition of materials is the relative ease with which refractory elements and com- 
pounds can be vaporized. It is well known that the sputtering yields of materials vary less 
widely than their vapor pressures. Thus, although refractory materials are characterized 
by high melting temperatures and very low vapor pressures, they sputter almost as readily 
as other substances. Even when sputtered, however, the sedentary nature of refractories 
asserts itself at the point of deposition, where their low mobility restricts diffusion from 
the random points of impingement onto energetically favorable sites. Consequently the 
very materials for which sputtering is most advantageous at vaporization tend to yield the 
greatest disorder and anomalous properties in their deposits. This chapter considers the 
manipulation of the plasma sputtering environment to influence the microstructure and 
properties of coatings deposited under conditions where the materials in question have 
low adatom mobilities. Examination of primitive growth structures obtained without 
modification will be followed by discussions of stimulated bombardment by bias sputter- 
ing, and coincidental control by sputtering at low gas pressures. The chapter will conclude 
with a discussion of selected mechanisms and models relevant to the influence of the 
plasma environment on resulting film microstructures and properties. 


21.1.1 Primitive Microstructures 


The tapered grain microstructure consisting of a multitude of competitively growing, 
domed "grains", which may be touching but not strongly interbonded, is a common fea- 
ture of materials deposited at low temperatures that has long been associated with de- 
graded appearance and physical properties. The deposition of thermally evaporated 
metals in the form of tapered grains was determined by Movchan and Demchishin (1) to 
occur at temperatures below about one third of the respective melting temperatures, as 


483 


484 Handbook of Plasma Processing Technology 


their classic diagram indicates in Fig. 1(a). When deposited above this temperature, 
evaporated materials exhibit different features such as faceted surfaces and strongly 
interbonded, columnar microstructures. The temperature regimes below and above the 
transition have become known as Zone 1 and Zone 2 respectively. Although the transi- 
tion may be somewhat gradual, the interzone boundary is sufficiently well defined to re- 
veal a secondary dependence on the class of material, e.g., pure metals versus ceramic 
compounds. The suggestion of Movchan and Demchishin that the location of the transi- 
tion is determined by a competition between geometric impingement effects, e.g., self- 
shadowing, that promote the growth of isolated grains and the onset of surface diffusion 
has been theoretically quantified by Srolovitz, Mazor, and Bukiet (2). 


SUBSTRATE 
TEMPERATURE (T/Tm) 


pressure WET"? TEMPERATURE 
(MICRONS) (TITm) 


(a) (b) 


Figure 1: Structural zone models for coating growth. (a) Model proposed by Movchan 
& Demchishin (1). (b) Model proposed by Thornton for sputtered metal coatings (3). 
The zone notation " 1’ " is inserted into Thornton’s model to distinguish the sputtered 
microstructure from the Zone 1 microstructure produced by evaporation. 


From observations on metal coatings deposited by plasma sputtering Thornton (3) 
adapted the zone diagram of Movchan and Demchishin by adding a second axis for sput- 
tering gas pressure, as shown in Fig. 1(b). Bearing in mind the qualitative nature of such 
diagrams, it seems nevertheless evident that the lower limit of Zone 2 microstructures is 
retracted to higher temperatures for deposition by plasma sputtering, extending no lower 
than one-half the melting temperature as opposed to one-third Tm by thermal evapo- 
ration. In other words, plasma sputtering appears to expand the range below Zone 2 of 
refractory deposition, implying that self-shadowing effects become relatively more potent 
in the competition with surface diffusion. Thornton (4) proposed that enhancement of 
tapered grain deposition (sometimes also confusingly called columnar) results from gas 
scattering of the sputtered vapor, thereby randomizing the directions of incidence of the 
coating flux upon the substrate, as sketched by him in Fig. 2. The indicated geometric 
shadowing favors preferential accumulation toward the tips of the surface protrusions 
thereby increasing the amount of counteracting diffusion transport required to achieve a 
Zone 2 microstructure. Since Thornton’s original determination it has become clear that 
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the randomized coating flux also alters the internal structure of tapered grains to such an 
extent that a special nomenclature, Zone 1’, may be useful to distinguish the sputtered 
coatings. Thornton (3) postulated the interpolation of a transitional Zone T between 
Zones 1’ and 2, when sputter deposition was performed at reduced gas pressures. 


The empirical zone models derive from observations at the magnifications available 
in light and scanning electron microscopy having resolutions no finer than 0.1 micrometer, 
thereby inviting speculation about the internal structures of the grains and columns. Al- 
though debate flourished about crystalline defect densities and atomic configurations 
within tapered grains, evidence for substructure of a different sort was inferred by 
Westwood (5) from decreasing physical densities measured on platinum films sputter de- 
posited at increasing gas pressures. Since platinum was selected to minimize the possi- 
bility of reactive gas pickup, these results suggest the existence of an array of fine internal 
voids variable over a substantial range of macroscopic densities. Subsequently Nakahara 
et al. (6) observed copious atomic scale voids in evaporated refractory coatings of a 
nickel-iron alloy by transmission electron microscopy, where self-shadowing was accen- 
tuated by depositing at oblique incidence. Startling images of highly convoluted 
morphologies that refractory microstructures may incorporate were also generated by 
computer modelling studies of ballistic aggregation beginning with Henderson et al. (7,8), 
motivated by the observation of anisotropy in amorphous Gd-Co magnetic bubble films. 
When deposited at oblique incidence to the substrate, the simulated growth structures 
incorporated a host of elongated, atomic-scale voids tilted to a degree studied by Meakin 
et al. (9) toward the direction of the incoming condensate. Notably both the TEM ob- 
servations and simulated microstructures represent thermally evaporated (not plasma 
sputtered) coatings with self-aligned vapor streams, and both indicate that oblique inci- 
dence accentuates the generation of numerous voids. In fact physical property observa- 
tions suggest that thermally evaporated metallic coatings grown under Zone 1 conditions, 
while incorporating tapered grains, may not necessarily develop a voided intragrain sub- 
structure when deposited at normal incidence. 


Void incorporation in plasma sputtered coatings, however, is exacerbated by the gas 
scattering mechanism of Fig. 2 when extrapolated to the atomic scale. By transmission 
electron microscopy of sputtered stainless steel Fabis (10) observed microporosity that 
may, however, not represent a totally primitive structure, owing to the use of a relatively 
low argon pressure. An instructive ballistic simulation was carried out by Dirks and 
Leamy (11,12), using oblique incidence from two opposing angles (an approximation to 
randomized incidence) as shown in Fig. 3. Near the center of the finite simulated struc- 
ture appear elongated microvoids oriented normal to the plane of the substrate. Micro- 
void formation was also promoted by the use of two atom sizes simulating a binary alloy. 
While the atomic scale substructure of Zone 1’ plasma sputtered coatings remains the 
subject of active investigation, their physical and mechanical properties indicate that it is 
substantially different from Zone 1 of evaporated coatings, representing a more extreme 
state of dis-equilibrium. The intragrain microstructure of coatings plasma sputtered in 
Zone 1’ may approach a steady state, as deduced by Ball and Witten (13) and Meakin 
(14), having an interconnected void network and highly non-bulklike physical properties. 
Such a sponge-like microstructure would also be consistent with low physical density and 
the state of near-zero residual stress observed in Zone 1’ plasma-sputtered materials 
(15,16). 
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Figure 2: Schematic representation of influence of sputtering gas pressure in producing 
oblique component in coating flux (4). 


Messier et al. (17) have elaborated the evolutionary nature of thin film microstruc- 
tures noted by Movchan and Demchishin (1) in their reference to tapered grains. Yehoda 
and Messier (18,19) propose a self-similar fractal model of void coarsening during film 
growth. Film microstructures were observed to pass through successive stages of in- 
creasing scale as a function of thickness. In this context Zone T is regarded as the re- 
tention of less-coarsened Zone 1 (or 1’) structures to greater thicknesses owing to the 
counteracting stimulation of adatom mobility by temperature and/or bombardment. 
However, this interpretation does not account for the unique properties of Zone T films, 
in particular the development of compressive residual stress. The accumulated evidence 
provides a concept of the unmodified or primitive microstructure of materials plasma 
sputtered and deposited under refractory conditions. The picture is one of competitively 
growing tapered grains containing a finer structure of atomic-scale elongated voids (20), 
which impart directional properties to even amorphous materials. Surface roughness may 
evolve in proportion to a power of film thickness, while incorporated microvoids develop 
a semi-independent internal distribution. Succeeding sections will examine how this 
primitive microstructure can be modified and densified during discharge sputter deposi- 
tion by stimulated bombardment or coincidental control. 
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Figure 3: Structure formed by oblique-incidence deposition of hard disks from two di- 
rections at + 30° relative to the substrate normal. Disks were allowed to relax to the 
nearest point of contact with two other disks (12). 


21.1.2 Comparative Modification Strategies 


Before discussing bias sputtering and coincidental control individually, it is instructive 
to compare these and other microstructural control schemes from a mechanistic perspec- 
tive. The gas pressure axis on Thornton’s zone diagram for sputtering in Fig. 1 (b) in- 
volves the two overlapping mechanisms of directional scattering of the coating flux at 
higher pressures and coincidental bombardment by backscattered neutrals and sputtered 
atoms at reduced pressures. To separate these effects it is useful to construct a new ver- 
tical axis from the temperature-pressure plane of Fig. 1(b) to represent bombardment of 
the coating by energetic atomic or ionic particles. Moreover, the old pressure axis can 
now represent merely the geometrical component of gas scattering in terms of the recip- 
rocal mean-free-path. Fig. 4 illustrates schematically an isothermal section through such 
a plot at a temperature below Zone 2, where the mean-free-path has been divided into the 
source-to-substrate distance to generalize the scale. 


The general configuration of this specialized zone diagram derives as follows. Along 
the horizontal scattering axis at zero bombardment is found classical Zone 1 deposition, 
when the mean-free-path is greater than the distance to the substrate, i.e., L/A < 1, so 
there is little or no scattering of the coating material in transit. Further out the scattering 
axis, where the mean-free-path is less than about one-half L, the coating flux is well ran- 
domized before reaching the substrate leading to Zone 1’ microstructures with the incor- 
poration of copious microvoids. Between these timiting cases lies a transition, shaded on 
the plot, from Zone 1 to Zone 1’ microstructures as a function of increasing scattering. 
The vertical dimensions of the Zone 1, Zone 1’, and transition regions schematically in- 
dicate the relative amounts of bombardment required to convert the respective deposition 
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to the Zone T microstructure. The postulation of greater densifying bombardment for 
Zone 1’ than for Zone 1 derives from the substantial difference between these primitive 
microstructures. Supporting evidence is given by Leamy et al. (21) who showed by mo- 
lecular dynamics simulation that particle energies sufficient to densify normal-incidence 
deposits were insufficient to densify oblique deposits accumulated under otherwise iden- 
tical conditions. 
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Figure 4: Low temperature zone diagram produced by resolving the gas pressure axis of 
Thornton’s model for sputtered film structures into the mechanistic components of inci- 
dent vapor self-alignment (opposite to directional scattering) and energetic particle 
bombardment during growth. 


Locus lines superimposed on Fig. 4 indicate the comparative regimes of various 
treatments such as bias sputtering, coincidental control, pressure plating, ion plating, and 
ion beam assistance. The vertical locus line near the right edge of the figure indicates ion 
beam bombardment or "assistance" of metal coatings deposited by thermal evaporation 
at low background pressures. Only moderate bombardment is required to convert such 
pure metal coatings to the Zone T microstructure. Biased deposition of arc evaporated 
coatings and simple ion beam deposition could also fali along this locus. A locus line along 
the base of the figure indicates the regime of pressure plating, which employs gas scat- 
tering to increase the throwing power of evaporated coatings beyond line-of-sight inci- 
dence, but which also incurs a microstructural transition from Zone 1 to Zone 1’. In the 
Zone 1’ regime lies a vertical locus line representing the regime of bias sputtering and ion 
plating. A heavier dose of ion bombardment is required to suppress the Zone 1’ micro- 
structure incurred by deposition at the elevated pressures characteristic of these proc- 
esses. Curved loci illustrate the course of treatment by coincidental control wherein both 
the scattering and the bombardment change with reduction of the sputtering gas pressure. 
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As indicated, the reduction of directional scattering allows the Zone T microstructure to 
be achieved with less coincidental bombardment and consequent damage. 


Figure 4 highlights the difference between the techniques of bias sputtering and co- 
incidental control for improving the microstructures and properties of refractory materials 
deposited by plasma sputtering. While bias sputtering employs sufficient bombardment 
to suppress the unmitigated effects of directional scattering, coincidental control 
felicitously reduces the detrimental gas scattering simultaneous with the administration 
of mild bombardment to achieve a similar effect. This perspective sets the stage for fur- 
ther discussions of these two control strategies. 


21.2 BIAS SPUTTERING 


In this, and the following section of the chapter, consideration is given to generic 
means for harnessing the available energy in rf and de discharge sputtering processes for 
control of film structure and consequent physical properties. This section considers bias 
sputtering while the following section reviews phenomena occurring coincidentally as the 
sputter gas pressure is reduced through use of magnetron arrangements or supported 
plasma discharges. The use of impressed substrate biases in de and rf diode sputter de- 
positions is historically one of the first attempts to control film properties through particle 
bombardment of the growing film. Reviews of bias sputtering have been previously pre- 
pared (22-25) and specific details of its various means of implementation will therefore 
be minimal. The focus of this section will be instead on the utility of bias sputtering as a 
means of film property control for a wide variety of materials. 


The understanding of structure/property-tailoring by particle bombardment of 
growing films has perhaps reached its greatest extent in the case of ion beam-assisted 
depositions. In these processes, it is often possible to reduce the number of variables that 
exist in plasma-diode type configurations. Thus, models which prescribe a roadmap for 
property modification in terms of bombarding ion energy and ion/atom arrival rate ratios 
have been developed for ion assisted depositions (26-29). It is generally recognized that 
the decoupling of various modes of momentum transfer into growing films (e.g. reflected 
neutrals, charge-exchange collisions, and negative ion emission) by use of ion beam 
techniques has allowed this level of sophistication. 


Certain specific versions of plasma-based sputtering have also permitted modelling in 
terms of the bombardment flux/deposition rate domain. In particular, Ziemann and Kay 
(30,31), using variations of a model for triode bias sputtering developed earlier by Kay 
and Heim (32), measured film property changes in Pd as a function of the energy depos- 
ited per arriving film atom. The triode arrangement lends itself to such an analysis by 
virtue of its relatively low operating pressure (ca. 1 mTorr), which minimizes the need for 
consideration of charge exchange collisions and attendant changes in the energies of ions 
taking part in primary and bias-induced sputtering. 


Recognizing the complexity of the plasma/film interaction and its characterization, 
Thornton (33) proposed using the resputter fraction as a fundamental measure of the 
deposited energy required to control film morphology and properties. This theme can also 
be found in a number of studies where control of film features has been promoted 
through manipulation of variables which affect bias and coincidental bombardment. The 
use of resputter fraction for growing films as an indicator of the extent of film 
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bombardment during growth provides a parameter which is decoupled from the partic- 
ulars of the deposition process; requiring neither a measure of the incident particle type, 
flux or energy distribution. This viewpoint will be revisited in the discussion of the role 
of bias sputtering in contro} of film structure and morphology. 


21.2.1 Fundamental Aspects of Bias Sputtering 


A common feature among various embodiments of bias deposition is the introduction 
of ion bombardment at the surface of a growing film by imposition of a negative potential 
at the surface of the growing film relative to the plasma. In this case, positive ions from 
the plasma are accelerated across the sheath created by the substrate bias and impart 
sufficient energy to the growing film that atomic rearrangements, including enhanced re- 
sputtering and recoil bombardment, are promoted. Such modification of a growing film 
can substantially alter the Zone 1 or Zone 1’ type primitive structures, which would oth- 
erwise occur at low deposition temperatures, and promote transformation to Zone T 
morphologies. 


In general, the establishment of a substrate bias condition acts in concert with other 
features of the plasma and deposition geometry, such that the total collisional energy 
brought to the surface of the growing film arises from a number of contributions. In a 
simplified diode sputtering arrangement with biased substrate, these factors include: en- 
ergetic atoms from the target material, reflected neutrals, negative ions from the target, 
electrons, and ions from the plasma accelerated across the sheath. This latter group in- 
cludes charge-exchange ions produced in the vicinity of the substrate sheath, since posi- 
tive ions produced near the cathode cannot overcome the applied potential. The energy 
with which particles emanating from the cathode strike the substrate is mitigated by the 
system pressure. The measured or applied bias voltages represent only upper limits to the 
energies of bombarding ions from plasma, since the ion energy distribution will be deter- 
mined by the mean free path for charge exchange collisions and the potential across the 
sheath developed between the substrate and the plasma (34-37). 


Several limiting cases for plasma-based processes exist, where the bombardments of 
the growing film are largely from a single species. One such limiting case is "ion plating" 
(38), where the principal introduction of collisional energy deposition into a growing film 
is from bias-induced ion impact. In this process, the film deposition is often from an 
evaporative source, which of itself would normally lead to Zone 1 structures in the de- 
posited film at low temperatures and low pressure. By utilizing the substrate as a primary 
cathode, and with introduction of sufficient gas to sustain a glow discharge, the growing 
film is bombarded with ions from the plasma so created. With regard to Figure 4, the ef- 
fect of increasing the system pressure is to promote movement to the left along the "gas 
plating" locus, promoting a Zone 1’ ultrastructure. The bias-induced bombardment now 
refines this structure, although a greater energy/particle flux is needed to effect the tran- 
sition to Zone T than would be required for the case of evaporation at low pressures, since 
the effect of increasing the system gas pressure is to promote the Zone 1’ structure. 


In ion plating, it has been estimated that only about 1% of the collisional energy de- 
position is from impact of ionized atoms of the film material itself (37), the remainder 
being due to the effects of gas ions created by the discharge. While various arrangements 
of the ion plating process have been developed, nominally high gas pressures and cathode 
voltages are required to initiate and sustain the plasma discharge. Since the substrate 
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becomes a sputter cathode, overall film deposition rates may be lower than expected in 
the absence of the plasma-assisted process. 


The cathodic arc process (39) is another limiting case wherein the ionized target atom 
flux is now the dominant contributor to the energy deposition in the growing film. Since 
the arc plasma is sustained chiefly by vaporized atoms of the target material, the necessity 
for a gas to sustain the discharge is primarily limited to those embodiments of the process 
where reactive species are introduced for the formation of compound films. Furthermore, 
multiple charge states of target ions usually exist, thus greatly increasing the energy input 
from these ions under bias conditions at the growing film. 


In a particularly interesting implementation of "unbalanced magnetron" sputtering, 
Window and Savvides (40,41) have developed a plasma-based deposition process in 
which a degree of control exists over both bias voltage and plasma density. This control 
is made possible by spatially tuning the plasma plume associated with a planar magnetron 
by adjusting the degree of electron confinement with an electromagnet. In this manner, 
the flux of impinging ions, acting under the influence of an imposed substrate bias, can 
be adjusted over several orders of magnitude. Since dc biasing in balanced magnetrons is 
ineffectual due to the plasma confinement near the cathode, this arrangement allows a 
compromise in terms of enhanced sputter flux from the cathode and reduced operating 
pressures, in tandem with an ability to impose a dc sheath at the substrate position. 


As had been suggested by Thornton (33), the refinement of Zone 1’ primitive micro- 
structures through bias sputtering may be viewed in terms of resputtering. Historically, 
the concept of introducing a second level of sputtering at the growing film for adjustment 
of film properties has been attributed to Frerichs (42) who developed an asymmetric ac 
deposition system for diode sputtering. Maissel and Schaible (43) described a dc bias 
system for deposition of tantalum films, wherein a substrate bias of approximately - 200V 
resulted in films of minimum resistivity. For conductive targets and substrates dc biasing 
represents a straightforward approach, in which the substrate becomes a secondary cath- 
ode with respect to the system ground or alternate anode. The limiting energy of im- 
pinging ions across the substrate sheath will be the difference between the applied 
potential and that of the plasma. Depending on the extent of inelastic collisions (which 
will be a function of gas pressure and sheath dimension), the ions impacting the surface 
will have a distribution of energies with usually only a small fraction of the total flux 
having the full potential of the sheath (34-37). Sputter deposition configurations which 
operate at lower pressure regimes (e.g. triodes (33) or magnetrons (44)), will, in general, 
permit a distribution of ion energies with a greater proportion having the full energy of the 
sheath. Both triode and magnetron arrangements, however, also permit more non- 
randomized bombardment by reflected neutral atoms of the sputter gas produced at the 
cathode surface. Of themselves, these arrangements promote Zone 1/Zone T transitions 
by coincidental bombardments, and minimization of Zone 1’ primitive microstructures. 
With regard to Fig. 4, these methodologies tend to be on the right-hand side of the dia- 
gram. Substrate biases induced by rf means (owing to the plasma localization near the 
cathode and typically low operating pressures), do not therefore need to produce the high 
degrees of particle impact energy or flux to produce a transformation to Zone T micro- 
structures. 


The ability to deposit both insulating materials as well as metals on insulating 
substrates has arisen from the practical development of rf sputter deposition and biasing 
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techniques. These methods, and various means of introducing substrate bias under rf 
conditions have been reviewed by Vossen (24). The upper limit to the energy of an im- 
pinging ion in an rf deposition may be as much as twice the sheath potential developed 
between the substrate and the plasma (45). As surmised from Figure 4, operation in a low 
pressure regime reduces the flux-energy product requirements permitting more modest 
bias potentials than those needed in ion plating for achieving the transition to Zone T. 


21.2.2 Applications 


21.2.2.1 Impurity Atom Resputtering and Ion Implantation Effects: One of the earliest 
applications of bias sputtering arose from a desire to minimize the gaseous impurity con- 
tent of thin resistive and superconductor films, whose properties were greatly influenced 
by the uptake of, and bombardment by, reactive gases (42,43). The mechanism for the 
beneficial removal of contaminants from the film surface through use of substrate bias 
has been attributed to the preferential resputtering of the atomically lighter impurity spe- 
cics (e.g. oxygen, nitrogen) from the growing film surface (46). The process may become 
self-defeating, if the bombarding ions used to "clean" the growing films become im- 
planted under the influence of sufficiently high applied bias. Secondly, reactive ions 
present in contaminated plasmas may also be implanted, rather than removed from the 
surface, thus tending to stabilize defects within the coating. Energetic, reflected neutrals 
may also be implanted in the growing film at sufficiently high cathode voltages and low 
operating pressures. Ion implantation accompanying bias sputtering has been addressed 
by various investigators (47-50). Generally, a combination of high bias voltages, low 
atomic number sputter gases and low atomic number matrices will promote ion implanta- 
tion in biased deposition. 


21.2.2.2 Control of Film Stress and Microstructure: Since Zone 1 or Zone 1’ micro- 
structures represent highly defective films in terms of both tapered, unbonded grains as 
well as atomic scale voids in the Zone 1’ case, it may be expected that such structures will 
be stabilized against post-deposition thermal annealing by the introduction of surface ac- 
tive contaminants either during or after deposition. The typically tensile intrinsic stresses 
observed in these primitive structures (51) may promote degradation by cracking and an 
enhanced propensity for chemical reactions relative to the large extent of available surface 
area. Minimization of film impurity content through bias sputtering is one means of in- 
fluencing the evolution of film microstructure through elimination of species which retard 
both bulk and interfacial diffusion as a consequence of their chemical affinities for the 
host material or segregation tendencies which tend to stabilize interfaces. 


While removal of stabilizing impurities is one consequence of bias sputtering which 
may allow favorable microstructural evolution, there are intrinsic restructuring aspects of 
the bombardment which promote refinement of the primitive microstructures. These in- 
trinsic atomic rearrangements associated with the bias sputtering process account for its 
utility in disrupting the Zone 1’ primitive microstructures for a wide variety of film mate- 
rials. Thornton discussed the morphological changes accompanying bias deposition of 
copper films in a hollow cathode system at various pressures (33). Resputtering in prin- 
cipally forward directions was believed to be primarily responsible for disruption of the 
primitive growth structure. Increasing the sputter gas pressure in this particular config- 
uration was felt to promote forward resputtering in directions which were effective in 
suppressing large topographical features associated with a roughened substrate. Increased 
pressures in this geometry did not, however, reduce the effects of bias in disrupting the 
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Zone 1 microstructures. Thornton has reviewed a number of developments in the under- 
standing of the evolution of thin-film microstructures which support the resputtering 
viewpoint (20). Results of molecular dynamics computer simulations by Miiller (52) also 
suggest that forward resputtering of a growing film promotes elimination of Zone 1’ type 
ultrastructures. One of the earliest indications that resputtering associated with biased 
deposition of film material promoted densification of films was observed for rf-sputtered 
SiO, by Jones, et al. (53) as a noted difference in etch rates for the primary (biased) de- 
posit, and the secondary deposit formed by resputtered material. Further studies of the 
resputtering phenomena with SiO, (54) showed that optimum film quality (e.g. etching 
behavior, and dielectric strength) was achieved at a resputter fraction of approximately 
60%. This degree of resputtering falls within the window of 30-70% suggested by 
Thornton (33) as being desirable to obtain optimum film properties. 


Vossen and O’Neill (55) studied the rf bias deposition of various metals and observed 
that optimum densification of gold (determined microscopically) coincided with a mini- 
mum resistivity approaching the bulk value. Later tabulations by Vossen (24) suggested 
optimum bias voltages for various materials. In a qualitative sense, more nobie fcc metals 
(e.g. Au, Ag, Cu) required lower degrees of bias than did more refractory metals such as 
tungsten and tantalum which required the highest levels of bias to obtain optimum phys- 
ical properties. Vossen and O’Neill (55) also suggested the significance of the bulk 
recrystallization temperatures of these metals as a guideline in assessing the energy de- 
position required to effect an approach to bulk-like physical properties by bias deposition. 


Blachman (56) also suggested classification of various metals by their refractory na- 
ture and nobility with regard to control of stress and the role of bias in impurity resput- 
tering. In light of both high reactivities of the refractory metals for such contaminants as 
oxygen and nitrogen, as well as generally high activation energies for surface and bulk 
diffusion, relative to the more noble metals such as gold, the mechanisms which lead to 
structural refinement during bias sputtering may be difficult to separate when film con- 
tamination by reactive species is possible. The elimination of reactive contaminants dur- 
ing bias bombardment should promote both adatom diffusional processes and recoil 
implantation of adatoms into void regions. In the absence of reactive contaminants, the 
ease with which atoms of the growing film are forward scattered into void regions would 
appear to be governed by the extent of momentum transfer from the impinging particle 
flux and the imparted energy relative to the binding energy of the recoiling atom in its 
surface or bulk site. 


In the development of a model to predict critical ion/atom arrival rate ratios as a 
function of energy for covalently bonded materials such as germanium, Brighton and 
Hubler (29) concluded that atomic rearrangements in the bulk were primarily responsible 
for ion-assisted stress annealing, as had previously been described by Hirsch and Varga 
(57). They discounted effects of enhanced surface diffusion or thermal spikes associated 
with the bombardment process. 


Direct evidence for microstructural changes occurring with bias sputtering was ob- 
tained by Mattox and coworkers (58,59). Since that time, there have been numerous re- 
ports in the literature of both film stress and microstructural modification through use of 
bias deposition techniques. The ability to disrupt the Zone 1 or Zone 1’ type morphologies 
for a variety of material types (including metals, alloys, compounds and amorphous ma- 
terials) suggests the importance of models involving material redistribution. Table 1 
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summarizes a number of reported film modification results from the literature, where bias 
sputtering had been employed to change film properties and structure. 


Table 1: Summary of selected applications of bias sputtering for thin film property 
modification 


Material Bias/configuration Property change observed Ref. 
Elements Al rf-diode Structure, Resistivity 55 
rf-diode Planarization 64 
rf-mag. Morphology, Step coverage 65,66 
dc-mag. Step Coverage 67-69 
rf-dc-mag. Resistivity, Resputtering 70 
dc-diode Resis., Stress, Ar implantation 71 
Ag rf-diode Physical prop. 24 
Au rf-diode Structure, Resistivity 55 
de-diode Stress, Resistivity 56 
Be rf-dc-mag. Morphology 72 
C  dc-unbal.mag C-C bonding 41 
Cr de-triode Microstructure, hardness 73 
rf-dc-diode Stress, Density 59 
Cu dc-hol.cath Microstructure 33 
dc-triode Recrystallization behavior 74 
rf-diode Resistivity 55 
Fe dc-unbal-mag Stress, Resistivity 75 
Ge Physical properties 24 
de-diode Crystallinity 61 
Mo dec-diode Stress, Resistivity 56,76,77 
rf-dce-diode Purity, Structure 78 
dc-unbal-mag Resistivity, Stress 75 
Nb ac-diode Purity 42 
rf-dc-diode Resistivity, Resputtering 70 
dc-triode Purity, Lattice dilation 32 
dc-unbal. mag. Resistivity, Stress 75 
dc mag. Stress, Microstructure 79 
Ni dc-diode Ar implantation 47 
rf-triode Density, Resistivity 55 
Pd dc-triode Stress, Resistivity 31 
Pt rf-diode Adhesion 24,55 
dc-unbal-mag Resistivity, Stress 75 
Ta ac-diode Purity 42 
dc-diode Resistivity, Structure 43,59 
rf-diode Resistivity 55 
dc-unbal-mag Resistivity, Stress 75 
w rf-diode Microstructure 59 
dc-unbal-mag Resistivity, Stress 75 
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Table 1: continued. 


Alloys 
Al-Cu rf-mag. Microstructure 80 
Co-Cr rf-diode Epitaxy, Magnetic anisotropy 81,82 
Cu-Cr rf-dce-diode Crystallinity 83 
Gd-Co rf-diode Magnetic anisotropy 84-86 
Gd-Co-Fe dc-diode Comp., Magnetic anisotropy 87 
Ni-Cr dc-diode Preferred Orientation 88 
Ni-La, Y dc-triode Microstructure 89 
Ti-W rf-mag. Composition, Resistivity 90 
WC-Co rf-dc-diode Composition, Microstructure 91 
304 Stainless de-triode Composition 92 
Compounds 
ALO, rf-diode Step coverage, Resputtering 62 
NbN dc-diode Composition, Superconduct. 93 
SiC rf-diode Morphology 17 
SiN, rf-diode Step coverage, Resputtering 62 
SiO, rf-diode Structure, Step coverage 54,62,63 
TiC rf-dc-diode Adhesion, Tribology 94 
rf-react. Composition, Lattice param. 95 
TiN rf-react. Resistivity, Structure 96 
dc-react. Purity 97 
Ti(OC) rf-diode Microstructure 98 
Doped ZrO, rf-diode Microstructure 99,100 
7120 Glass rf-diode Thermal Expansion coef. 101 


The acme of ion-assisted modification is no doubt seen in methods of arriving at high 
states of crystalline perfection for such materials as compound semiconductors. Greene 
and Barnett have reviewed the role of ion-assisted depositions in such endeavors (60). It 
is interesting to note that Wehner in a 1962 patent (61) claimed an ability for utilizing the 
energy available in a glow discharge plasma to arrive at epitaxially grown crystalline de- 
posits, and that the optimum degree of resputtering had been specified at 12.5% for the 
case of germanium. 


21.2.2.3 Control of Film Topography: Two other key applications of bias sputtering 
have emerged largely from requirements for topographic control of depositions in micro- 
electronics. In the first, resputtering is accentuated through bias deposition for promoting 
step coverage as would occur where metallizations or other films are required to follow 
contours over features in integrated circuits. Seeman (22) originally showed the ability 
of biased deposition to promote coverage of trench sidewalls through the resputtering of 
material from the floor of the trench. Vossen (24) and later Kennedy (62) have shown 
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the utility of bias sputtering in obtaining suitable topographical coverages in microelec- 
tronics. In these cases, redistribution of material during resputtering also tends to "fill in" 
regions which may normally have been shadowed from the deposition leading to circuit 
"opens" or points of mechanical weakness due to lack of material. 


A somewhat inverse situation exists where it is desirable to apply a film wherein 
underlying protuberances are minimized at the final surface so that lithography and fur- 
ther metallizations are occurring on a planarized surface. Bland, et al (59) suggested how 
forward resputtering of geometric features on surfaces could be used to refine surface 
morphology. In the case of "planarization", where it is both desired to produce a deposit 
and also minimize existing surface topography, the resputtering in largely a forward di- 
rection is exploited. The role of bias-induced resputtering on planarization has been dis- 
cussed by various authors (20,59,63) 


21.3 COINCIDENTAL CONTROL OF COATINGS DEPOSITED BY PLASMA SPUTTER- 
ING 


Coincidental control harnesses the forces already at play in plasma sputtering to im- 
prove the resultant coatings. These forces consist on the one hand of the energetic par- 
ticles naturally issuing from the target, including both the atoms of coating material having 
average energies in the range of 10 eV and the neutralized sputtering ions rebounding 
from the surface with energies frequently in the range of 100 eV or greater. On the other 
hand are the forces tending to diffuse the alignment of the incident coating flux at the 
surface being coated. As was discussed with reference to Fig. 4, reduction of the sput- 
tering gas pressure changes both of these effects simultaneously. Although recent atten- 
tion has tended to focus on the passage of bombarding particles to the substrate, 
self-alignment of the incident coating material may be of equal importance by minimizing 
the required concurrent bombardment. 


While the emission of energetic neutrals was recognized and studied prior to the de- 
velopment of magnetron plasmas operable at low pressures (see for instance Winters and 
Kay (47)) coincidental control was not purposely employed for microstructural modifi- 
cation of sputtered coatings. Several instances are seen in retrospect where the effects 
of coincidental bombardment are evident, when sputter deposition was infrequently car- 
ried out by techniques such as ion beam sputtering (Chopra (102)), triode sputtering 
(Stuart (103)), and others (104) at especially low gas pressures (105) or with massive 
target elements such as tantalum (106,107), tungsten (108-110), and platinum (111). 
The development of magnetron sputtering and the consequent ready access to low pres- 
sure sputtering capability set the stage for the identification and investigation of coinci- 
dental control as a deposition technique (15,16,112,113). Indeed, for low pressure 
magnetron sputtering with the usual well-confined plasmas (excepting the recent "unbal- 
anced magnetron" (40)), where the absence of ionized species near the substrates pre- 
cludes bias sputtering, coincidental contro! becomes, without the introduction of ion 
beams, the only plasma-based option. All that is required is to reduce the gas pressure 
sufficiently to decrease the randomization of the sputtered flux and simultaneously allow 
some of the existing energetic neutrals to penetrate through to the substrates. Motohiro 
and Taga (114), Graz-Marti and Valles-Abarca (115), and Somekh (116) have theore- 
tically studied the gas scattering of particles issuing from a sputtering target with valuable 
insights, but the practical application of coincidental control remains empirical. 
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21.3.1 Internal Stresses and Physical Properties 


While the physical properties of sputtered refractory coatings may often be of primary 
importance in application, the intrinsic (i.e. nonthermal) film stress is a highly structure- 
dependent property that can serve as a sensitive barometer of deposition conditions and 
resultant physical properties. For the case of molybdenum sputtered in argon from a cy- 
lindrical magnetron Fig. 5 illustrates the wide variations of intrinsic stress typically found 
in metal films deposited at various gas pressures down to 1 mTorr (0.13 Pa) (117). At 
high pressures the stress approaches zero. This differs from the fixed tensile stress 
normally observed in thermally evaporated metals, as indicated for molybdenum on Fig. 
5 (118). Consistent with the deduced microporosity of such sputtered films the trend to- 
ward zero stress coincides with the diminishing lateral connectivity of the structure and 
the consequent inability to support appreciable stress. By comparison the evaporated 
materials are sufficiently strong in the lateral direction to support high tensile stresses. 
Klokholm and Berry (51) report intrinsic tensile stresses of 1.1 GPa in evaporated 
molybdenum, which exceeds the 0.6 GPa tensile strength of the bulk pure metal (119), 
owing to the refined grain size of evaporated films. Clearly there is not much weakness 
from voids or weak grain boundaries in evaporated molybdenum. These differences are 
consistent with the hypothesis of Figs. 1(b) and 4 that the Zone 1’ structure in sputtered 
materials is distinct from and less bulklike than the Zone 1 structure of evaporated metal 
coatings. Physical property measurements supporting this observation are seen in Table 
II, where more anomalous values of resistivity and reflectivity are reported for Zone 1’ 
sputtered molybdenum. 


Table 2: Properties of Bulk, Sputtered and Evaporated Molybdenum 


Material Microstructure Intrinsic Resistivity Reflectivity Ref. 
Mo Zone stress (GPa) (Q —cmx10*) (% at 560nm) 

bulk 3 0 5.6 58 119 

evaporated 1 1.1 (tens.) 30 50 120 

sputtered* 1’ =O 100 35 121 


*Even higher resistivity and lower reflectivity are observed when film preparation con- 
ditions allow the possible incorporation of oxygen from background gas. 


From the high pressure extreme of the Zone 1’ microporous microstructure Fig. 5 
shows that films deposited at successively lower gas pressures support tensile intrinsic 
stresses increasing to a peak value of substantial magnitude. The evident gain in film in- 
tegrity indicates that microporosity must be largely suppressed at pressures approaching 
the tensile maximum. With continued reductions of the pressure the trend in intrinsic 
stress reverses moving sharply through zero to large compressive stresses. While the 
tensile stress excursion may result in part from reduced scattering and increased alignment 
of the coating flux, the reversal of stress toward compression clearly indicates the in- 
creasing effects of particle bombardment, sometimes likened to atomic shot peening 
(122). Moreover, the incorporation of high compressive stresses suggests the accumu- 
lation of impact damage and resultant overcrowding of coating atoms in disordered re- 
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gions such as grain boundaries. The zero intercept at the point of stress reversal has been 
termed the transition pressure for the sake of reference and may also represent an ad- 
justment by coincidental control that yields coatings with the least structural disorder 
(81). 
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Figure 5: Argon pressure dependence of intrinsic film stress in molybdenum metal films 
sputtered from a cylindrical magnetron and deposited at 1nm/s onto molybdenum coated 
substrates at a distance of 0.1 m (121). 


Figure 6 shows corresponding changes in physical properties and gas incorporation in 
coatings deposited at various argon pressures. The reflectance reaches bulklike values at 
the transition pressure. The resistivity decreases markedly with decreasing pressure and 
passes through a shallow minimum below the transition pressure. The slight increase at 
lower pressures correlates with the increasing content of argon embedded in the metal, 
which again evidences substantial bombardment. The presence of oxygen, which is de- 
tected only in films deposited at the higher pressures, is believed to result from oxygen 
uptake and absorption in the corresponding microporous structure after deposition. 
Judging from the argon incorporation in the sputtered molybdenum coatings, as well as 
the relative atomic masses which indicate that argon will backscatter from molybdenum 
with 41 percent or more of its primary energy, the locus of coincidental control for the 
depositions of Figs. 5 and 6 is expected to lie on the zone diagram of Fig. 4 along a curve 
such as that labeled "A". This is an example of the locus to be expected when the coin- 
cidental bombardment is relatively vigorous. Consequently the events and the resulting 
films should resemble those obtained by bias sputtering. 
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Figure 6: Argon pressure dependence of reflectance (at 560 nm), resistivity, and argon 
and oxygen concentrations detected by electron microprobe in molybdenum films sput- 
tered from a cylindrical magnetron at 1 nm/s onto molybdenum coated substrates at a 
distance of 0.1 m. 


Observations on a variety of sputter deposited coatings have established that the ef- 
fects induced in molybdenum by coincidental control are representative of other materials 
(15,16,112,113). For any given material, however, the salient pressure regime charac- 
terized by the transition pressure is strongly dependent on the relative atomic masses of 
the sputtering target and gas. Figure 7 shows a systematic shift of the transition pressure 
with target atomic mass for elemental metals sputtered with argon. The two separate data 
lines for cylindrical and planar magnetrons indicate a further dependence on target ge- 
ometry. Although the trends are universal, the specific location of the curves will vary 
with differing apparatus geometries. 
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Figure 7: Sputter-deposition map on coordinates of sputtering gas pressure and target- 
to-gas atomic mass ratio showing the stress/reflectance transition boundaries for metals 
dc sputtered from cylindrical and planar magnetrons and deposited at 1 nm/s at distances 
of 0.1 to 0.2 m. Sputtering conditions below and to the right of the transition pressure line 
yield coatings with compressive stresses, maximum reflectance, and otherwise optimized 
physical properties (16). 


A similar shift occurs when a given target is sputtered with the other inert gasses. 
Figure 8 shows the results of stress measurements bracketing the transition pressure for 
molybdenum films deposited with neon, argon, krypton, and xenon (123). A systematic 
shift with atomic mass is again evident. Of special significance, however, is the presence 
at sufficiently low pressures of compressive residual stresses even when Mo is sputtered 
with Xe. Since the atomic mass of xenon exceeds molybdenum, the energy of gas parti- 
cles rebounding from the target should be quite low, similar to the energies of the sput- 
tered particles themselves. Consequently the potential for bombardment in this case is 
limited and coincidental control relies more heavily on the directional self-alignment 
mechanism. The relevant locus on Fig. 4 is indicated by the curve labeled "C". When 
embedded gas contents of the same four gasses were measured on the compressive 
molybdenum coatings, the levels varied systematically from 5 percent of neon to unde- 
tectable amounts of xenon, i.e., less than 0.01 percent. Again this suggests minimal 
bombardment in the latter instance. 
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Figure 8: Gas pressure dependence of intrinsic film stress in molybdenum metal films 
sputtered from a cylindrical magnetron with Ne, Ar, Kr, and Xe noble gasses and depos- 
ited at 1 nm/s at a distance of 0.1 m (123). 


The preceding discussion indicates that the choice of sputtering target material and 
sputtering gas with respect to their relative atomic masses is an important if not crucial 
consideration for the application of coincidental control. In cases where the optimization 
of physical properties is desired coincidental control enables the Zone T microstructure 
to be achieved without excessive bombardment through the self-alignment of the coating 
flux that accompanies reduction of the gas pressure. This can be accomplished either by 
the selection of lighter target materials where there is a choice, or alternatively by use of 
the heavier inert gasses. A further instance of this approach has been reported for silicon 
sputtered with argon (124). The added cost of the heavier inert gasses, Kr or Xe when 
called for, can be moderated by the practice of static chamber sputtering (125), a viable 
technique when practiced in conjunction with a load lock to minimize the introduction of 
contaminating gasses (51). 


In addition to the gas pressure and the choice of gas and target material, practically 
every other plasma sputtering process parameter exerts at least a secondary influence on 
coincidental control which can sometimes be used to advantage. These include the dy- 
namic gas flow (117), the sputtering rate (121,126), the cathode voltage (127), the target 
shape (113,128) and the substrate proximity (117), orientation (129), and motion (129). 
Early recognition of the fundamental role of gas scattering in coincidental control imme- 
diately suggested a coupled effect of substrate-target proximity, however preliminary 
measurements were inconclusive. Then Wu (79), sputtering niobium with argon, dem- 
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onstrated that close proximity to the target increased the transition pressure in a manner 
consistent with such coupling. Somekh (116) suggested that the product of pressure and 
distance could be usefully plotted rather than pressure alone to rationalize results from 
coatings prepared at various distances from the target. An experimental test, however, 
did not bear out the quantitative applicability of this approach (117), owing most proba- 
bly to the additional effect of the self-alignment of coating flux on coating microstructure 
and properties, beyond the simple bombardment concept. While the cathode voltage is 
not ordinarily an independent control parameter in magnetron sputtering, Thornton et 
al.(127) varied the confining magnetic field to enable independent excursions of the 
voltage, thereby demonstrating a marked dependence. 


Perhaps more unexpectedly, increasing the rate of sputtering as determined by the 
cathode current also moves the deposited microstructure and properties along the locus 
of coincidental control toward Zone T (121). Since the cathode current is, in addition to 
pressure, the principal control parameter in magnetron sputtering, this provides another 
practical stratagem for coincidental control. As demonstrated by Rossnagcl (130) and 
detailed elsewhere in this volume, the rate effect arises from heat dissipation in the sput- 
tering gas with consequent thinning of its density in the vicinity of the target, thereby re- 
ducing the associated gas scattering. 


An attribute of magnetron sputtering is the relative freedom afforded in the placement 
and manipulation of a substrate, owing to its de-coupling from the electrodes. Substrates 
are frequently rotated or moved past the source in order to distribute the coating more 
uniformly. A consequence, however, is to present the surface being coated at a variety 
of angles to the arriving flux, thereby simulating the dis-alignment of the flux by gas 
scattering. It is not surprising, therefore, that substrate inclination and rotation have been 
reported to move a coincidental control point along its locus away from Zone T toward 
Zone 1’ with more porous, tapered grain microstructures, tensile stress, and anomalous 
physical properties resulting (129). 


21.3.2 Special Investigations and Applications 


While the possibility of coincidental control has been established for some time, pub- 
lished reports of its application remain infrequent. This may derive in part from a failure 
to identify its advantage over bias sputtering in utilizing less bombardment to effect Zone 
T deposition. Nevertheless some notable examples of coincidental control have appeared. 
Entenberg et al. (131) studied the residual stress, physical properties, and microstructure 
of copper sputtered onto polyimide webbing. Although copper is a relatively soft and 
noble metal in terms of Blachman’s classification (56), their results offer a striking dem- 
onstration of coincidental control of copper films on flexible substrates of low thermal 
capacity, confirming in detail the phenomena seen with more refractory materials. 
Amorphous coatings of a Mo-Ru-B refractory alloy were sputtered by Bieg (132) onto 
inertial confinement microspheres with stress minimization by coincidental control in or- 
der to build up heavier deposits, thereby demonstrating its application to noncrystalline 
materials. Thakoor et al. (133) also included W-Ru-B alloys in their study of metallic 
glasses for corrosion and wear applications, minimizing internal stresses by coincidental 
control to obtain thick, dense, protective coatings. They point out that the observation 
of coincidental control and associated phenomenology in glassy metals constrains models 
of intrinsic tensile and compressive stresses not to rely on crystalline mechanisms. 
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It has been noted that the sharpness of the transition from tensile to compressive 
stress as a function of sputtering gas pressure poses a difficulty when coincidental control 
at the zero stress crossover is desired. Bensaoula et al. (126) reported that the stress 
transition for Mo and W becomes more gradual at higher sputtering rates, thereby easing 
the margin of error in process control. In addition they employed rf substrate bias to 
broaden the parameter space for control at zero stress. This can be understood with ref- 
erence to Fig. 4 where it is apparent that an excursion by biasing from a coincidental 
control pathway into the direction of pure bombardment will cross into Zone T more 
gradually, albeit at the possible cost of greater resputtering, impact damage, gas 
entrapment and heating. A hybrid approach, however, may offer a way to minimize this 
penalty while improving control stability. An alternative control scheme has been inves- 
tigated and practiced by Cuthrell et al. (134) in a unique application requiring a coating 
with high uniformity, low resistivity, and tensile or zcro stress having minimal stress 
anisotropy in the plane of the film. By toggling the argon pressure alternately between 
settings above and below the stress transition they achieved reproducible control yielding 
nearly isotropic tensile, compressive, or zero stress as desired, while retaining a suitably 
low resistivity. 


While the study of coincidental control has adhered almost exclusively to metals and 
alloys, Este and Westwood (135) applied it to the reactive deposition of Al and Ti 
nitrides, materials often obtained with undesirably high compressive stresses under reac- 
tive sputtering conditions. Raising the nitrogen pressure or adding a partial pressure of 
argon caused a moderation of the compressive stress and a transition into tension, how- 
ever the correlation of the stress transition with optimum physical properties seems to be 
different from metals. Full density and bulklike physical properties in the nitrides may 
be achieved only at elevated values of compressive stress, owing most probably to direc- 
tional nonmetallic bonding and a resulting propensity to incorporate microporosity even 
without dis-alignment of the coating flux by gas scattering. In other words, the regime 
of Zone 1’ in Fig. 4 may extend further to the right for this class of materials so that Zone 
T cannot be entered as readily by a reduction of directional scattering, but requires in 
addition a greater dose of bombardment. 


In metals the correlation of optimum physical properties with the stress transition 
suggests that the corresponding microstructure may incorporate a minimum of defects, 
balanced as it were between the onset of microporosity on the one hand and the over- 
crowding of atoms at the other. In this light, the report of Leu et al. (81) offers the in- 
triguing possibility of epitaxial growth of sputtered Co-Cr magnetic films on MgO single 
crystals by coincidental control. The best results were obtained at the low argon pressures 
of 1 to 2 mTorr (0.13-0.27 Pa) on unheated substrates with chromium contents of 21 to 
23 percent. By comparison sputter deposition at 5 mTorr (0.68 Pa) or with negative 
substrate bias of 25 and 50 volts produced polycrystalline films. The atomic masses of 
cobalt and chromium are sufficiently close to argon that the energies of argon neutrals 
rebounding from the target will be mild. The locus of coincidental control for this com- 
bination should resemble curve "C" on Fig. 4. Apparently the directional alignment plus 
mild bombardment incurred by coincidental control promotes full density epitaxial growth 
without the incorporation of excessive defects or impurities leading to renucleation. 


Other studies of coincidental control include the combined effects of argon pressure 
and substrate-to-source proximity on the microstructure of sputter deposited Cu-Ni alloys 
by Barber and Somekh (136), as detected by changes in thermopower. Hoshi et al. (137) 
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investigated the effects of pressure on the magnetic properties, surface smoothness, elastic 
modulus, and corrosion resistance of sputter deposited Co-Pt magnetic recording films, 
finding the best magnetic response at high pressures where the other properties were de- 
graded. Significantly, microporosity caused by sputtering at 30 mTorr (4 Pa) reduced 
Young’s modulus of the films to a quarter of the bulk value. Nakahara et al. (138) fol- 
lowed the microstructural transition as a function of sputtering pressure in Fe and amor- 
phous Fe-Tb magneto-optic films by transmission electron microscopy. Jankowski et al. 
(139) utilized coincidental control to fabricate stress-free Al/Ta multilayers with more 
than a thousand laminations for transmissive X-ray optics. The argon pressure was cycled 
between 5 and 50 mTorr under computer control in deposition of the aluminum and 
tantalum layers respectively in order to maintain strict planarity of the laminate. 


A final example involves the deposition of highly refractory molybdenum metal 
coatings onto exceedingly soft plastic substrates. In this case coincidental control was 
practiced by varying the cathode current and consequent sputtering rate while holding the 
argon pressure constant. Stresses in coatings deposited at various rates were determined 
from the associated substrate bending. Elastic strains in the same coatings were deduced 
from X-ray peak shifts and lattice spacings normal to the plane of the films. Together 
these results yield the stress-strain plot of Fig. 9, where the central near-linear portion 
of the curve corresponds to the tensile-to-compressive stress transition and has a slope in 
good agreement with the appropriate combination of handbook elastic constants (140). 


DEPOSITION STRESSES 
AND STRAIN IN 
SPUTTERED 

MOLYBDENUM 


SUM OF BIAXIAL FILM STRESSES (GPa) 


-4 -2 (o) 2 4 
STRAIN NORMAL TO FILM PLANE (X103) 
Figure 9: Sum of biaxial film stresses vs X-ray lattice strain in Mo films sputtered at 


various rates from a cylindrical magnetron with argon at 0.74 Pa pressure and deposited 
at a distance of 0.1 m (140). 
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The loop at the top of the curve corresponds to films in Zone 1’ where the increasing 
microporosity gives rise to non-linear behavior. Again by varying only the sputtering rate, 
molybdenum films with tensile, zero, and compressive stress were deposited onto 
lacquered ABS plastic substrates of the type frequently used for decorative metallization. 
The low magnification photographs of Fig. 10 show the resultant cracked, specular, and 
buckled coatings. For such an application, where the substrate is non-conductive, heat- 
sensitive, and easily deformed, the technique of coincidental control is eminently suited 
by not requiring electrical coupling to the substrate and by the use of only a moderate 
amount of bombardment and consequent heating to achieve a stress-free, bulklike 
metallization. 


Figure 10: Coating 
failure modes on ABS 
plastic substrates ob- 
served by optical 
microscopy on 
molybdenum films 
sputter-deposited at 
rates of a) 0.23 nm/s, 
b) 1.5 nm/s, and c) 3.5 
nm/s at a distance of 
0.1 m from a cylindrical 
magnetron cathode op- 
erated in argon at 0.74 
Pa pressure (140). 


506 Handbook of Plasma Processing Technology 


21.4 MODELLING OF MATTER-ENERGY CO-DEPOSITION IN REFRACTORY 
COATINGS 


The differing positions of the Zone 1-T and Zone 1priem -T boundaries in Fig. 4 are 
each determined by a balance of competing mechanisms, where the deposition of direc- 
tionally diffuse coating flux favoring Zone 1’ is clearly the more difficult for counteracting 
bombardment to overcome. The understanding and modelling of these two cases will 
necessarily also be distinct. A number of modelling approaches have been attempted for 
various sets of assumptions that throw light on portions of the processes at hand. These 
include ballistic computer simulations of various sophistication and scope, and parametric 
analysis based on continuum approximation. Ultimately it should be possible to formulate 
an analysis that will predict the dissimilar locations of the limiting boundaries and the 
interconnccting transition. 


Brighton and Hubler (29) predict a critical ion-to-atom arrival ratio for relief of 
tensile intrinsic stress in the Zone 1-T structural transition by positing that the region af- 
fected by a collision cascade becomes effectively annealed and consequently stress free. 
Invoking the criterion that the input of binary collision cascades must be sufficiently dense 
to affect all deposited atoms, they obtained results agreeing in magnitude and energy de- 
pendence with observations on Hirsch and Varga (28) on bombarded germanium. While 
the mechanism of overlapping collision cascades is appealing, it lacks in this manifestation 
the capacity to simulate the continuous transition from tensile to compressive stress ob- 
served experimentally in a majority of cases. 


The computer models of Miiller (141,142) simulate the effects of energetic particle 
bombardment on the structures, densities, and stresses of vapor deposits incident without 
directional scattering, providing insights into the mechanisms at play in bombardment of 
both Zone 1 and Zone 1’ microstructures. It has been demonstrated that energetic parti- 
cle bombardment during growth can densify microporous structures by forward sputtering 
of condensed atoms from the advancing near-surface region into underlying pores in a 
steady state manner. Density increases have been simulated both by increasing the inci- 
dent energy of metal vapor atoms above the thermal level (143) and by simultaneously 
bombarding with a secondary beam of inert or reactive gas. As expected, fewer bom- 
barding gas atoms are required as their energy rises. Miiller has found, however that pore 
bridging is promoted by transient diffusion during the dissipation of thermal spikes asso- 
ciated with energetic particle bombardment (144). Also observed is behavior suggesting 
the possibility of near-perfect epitaxy as the intensity of bombardment becomes great 
enough to eliminate microporosity. Muller has computed intrinsic stresses in the simu- 
lated films and found tensile stresses that pass through a maximum with increasing 
bombardment by inert gas or fast vapor atoms in a manner reminiscent of experimental 
observations (145). However, the experimentally observed continuous transition to 
compressive stress does not reasonably occur in the model, again raising a cautionary flag 
concerning the presently remaining deficiencies of the computer as an ultra-microscope. 


The interchangeability of bombarding particle energy and flux can be quantitatively 
examined from Miiller’s results on Ni growing under Ar and self-bombardment 
(142,143). In Fig. 11 the reported packing densities have been replotted against the 
product of relative ion flux and the particle energy scaled to the sputtering threshold en- 
ergy (21 eV) and raised to the powers of one (Fig. 11 (a)) and one-half (Fig. 11(b)). 
Four sets of results are included for nickel bombarded with varying fluxes of argon at 10 
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and 50 eV, at varying voltages with a fixed flux ratio, and with the nickel vapor acceler- 
ated in the absence of argon. Straight lines indicate the effect of varying the ion flux from 
0 to 0.16 at the constant accelerating voltages of 10, 25, 50, 75, and 100 eV. Intermedi- 
ate flux points reported by Miiller at 10 and 50 eV are also indicated. Figure 11 reveals 
that the square-root scaling of energy affords a consolidation of results along a linear 
trendline. 
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V-75 eV Argon 
0-100 eV Argon 
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Figure 11: Simulated packing densities of nickel vapor deposits determined by molecular 
dynamics computer modelling showing the densifying effects of Ni self-bombardment and 
supplementary argon bombardment (142,143). Scaling the bombarding particle energy 
to a) the first power and b) the one-half power reveals a linearization of results versus the 
Square root. 


On the other hand, Yehoda et al. (146) find their experimental observations of void 
fraction in ion bombarded germanium to scale as the first power of energy, in agreement 
with the findings of Ziemann and Kay (30) for bias sputtering. Thus, in general it appears 
that changes in density and derivative properties caused by irradiation with particles hav- 
ing energies in range of 10-100 eV or greater can be represented by functionality of the 
form 


X = X, = Be O/I) » (B/E,)? (1) 


where X is a property of interest for which X, is a reference value, J,/J, is the ion-to- 
vapor ratio, and E,/E, is the ratio of ion energy to a reference energy such as the sput- 
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tering threshold energy. The slope $ is independent of the ion flux and particle energies 
but will depend on the relative ion and vapor atomic masses. The findings of 0.5 and 1.0 
for the exponent p respectively for Ni and Ge may relate to the different natures of 
interatomic bonding in these materials (or to the two-dimensional nature of the simu- 
lation). Processing to a constant or completion value of X = X, , say 95 percent density, 
enables a determination of p from the negative slope of log(J,) vs log(E,) as originated 
by Hoffman and Gaerttner (26) and developed by Harper et al (27). 


Of special significance for plasma sputtered coatings are the results for self- 
bombardment (J,/J, = 1) shown in Fig. 11, where the individual particle energies varied 
from 0 to 2.6 eV. In contrast to gas bombardment it is clear that self-bombardment at low 
particle energies does not scale linearly with the square-root of energy, and is, moreover, 
more effective in increasing the packing density than bombardment with fewer but higher 
energy gas ions. These various observations imply, on the one hand, that a category of 
displacement mechanism dominates for bombardment with 10-100 eV particles, where 
the number of impacts and the particle energy are interchangeable in their effect and may 
be substituted one for the other using an energy scaling exponent that varies among 
classes of materials with different bonding types. On the other hand, the rather different 
behavior under low energy self-bombardment implies a fundamental change in the nature 
of the displacement cascades that more effectively suppresses microporosity. As pointed 
out by Miiller (144), the self-energies required to simulate full density nickel fall well 
within the range of sputtered particle energies. 


It seems evident that an advantageous route to achieving Zone T microstructures and 
properties in plasma sputtered refractory coatings with the least application of force is to 
take the greatest possible advantage of the self energies of the sputtered vapor particles. 
This is the situation represented along locus C in Fig. 4, achieved by sputtering at low 
pressures with ions heavier than the target atoms, so that vapor particles are the principal 
energetic species exiting the source. Additional atomic peening by higher energy gas 
neutrals reflected from the sputtering target should be largely unnecessary, although in 
many practical cases unavoidable. Where practical or desirable it should be possible to 
obtain Zone T microstructures with the most bulklike physical properties by judicious 
choice of gas and/or target material to minimize the energy of backscattered neutrals, 
thereby minimizing gas entrapment and gratuitous damage to the coating or substrate. 
Indeed under careful process tuning the possibility of epitaxial growth by coincidental 
control with a minimum of substrate heating is indicated. Where necessary, Zone T de- 
position can be attained under increased peening by backscattered neutrals or bias sput- 
tering. Although the point of view adopted herein has been to apply just sufficient 
bombardment to overcome microporosity as promoted by directional scattering of the 
vapor flux, situations may arise in practice, say when sputtering heavy metals with argon, 
where gas scattering of the vapor is purposely increased to balance off excess atomic 
peening by backscattered neutrals. 


In some cases, the excess bombardment and consequent compressive residual stress 
may be desired. It is commonly observed that the compressive residual stresses appear to 
reach a saturation level in coatings sputtered with sufficient bias or coincidental 
bombardment. From a consideration of the linear cascade theory of forward sputtering 
Windischmann (147) has shown that these saturation stresses correlate remarkably well 
with the product of elastic Young’s modulus and molar volume over a wide selection of 
elements and nitrides sputtered from both plasma and ion beam sources. Of particular 
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interest are his observations of Zone T properties in ion beam sputtered coatings of alu- 
minum, aluminum nitride, and silicon. The fact that these elements are less massive than 
the argon sputtering ion implies that backscattered neutrals carried little energy to the 
coatings and that coincidental self-bombardment by the sputtered vapor was indeed suf- 
ficient to densify the structure into the Zone T configuration. 


In summary, experimental and simulation studies have provided a fundamental 
understanding of the porous and evolutionary nature of the primitive Zone 1 growth 
structures of vapor deposited refractory materials, however the effect of directional dif- 
fusion of the vapor by gas scattering in plasma processes adds an additional factor that 
leads to marked further structural disorder and degradation of properties in Zone 1’. 
Application of energetic particle bombardment works to counteract these effects leading 
to densification and Zone T microstructure with bulklike properties and compressive res- 
idual stresses, when sufficient doses are administered to counteract low adatom mobility 
and the preferential accumulation on growth tips caused by oblique components of scat- 
tered vapor. The latter effect requires greater offsetting doses by conventional bias 
sputtering with consequent undesirable side effects such as gas entrapment and substrate 
damage. An alternative plasma deposition treatment is coincidental control, which effects 
a reduction of vapor scattering in concert with greater or lesser bombardment, depending 
on the choice of target and gas constituents, to enter Zone T. It appears that the critical 
bombardment for densification may follow a power scaling law, when administered by gas 
ions, but may be most effective requiring the least treatment, when administered by low 
energy vapor self-bombardment. 
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